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Residual feed intake (RFI) describes an animal’s feed efficiency independent of the level 
of growth and production performance. The RFI has become a commonly used measure for feed 
efficiency in beef and dairy cattle. The first experiment was to determine differences in major 
ruminal bacteria and ruminal epithelium gene expression between most-efficient (M-eff) and 
least-efficient (L-eff) finishing beef cattle. Results indicated that superior feed efficiency in beef 
cattle is associated with differences in bacterial species and transcriptional adaptations in ruminal 
epithelium that might enhance nutrient delivery and utilization by tissues. For example, M-eff 
beef cattle enriched cellulose-degrading bacteria and volatile fatty acids (VFA) producing 
bacteria. Furthermore, M-eff cattle upregulated VFA absorption and ketogenesis in ruminal 
epithelium, underscoring greater energy production in M-eff cattle than L-eff cattle. These might 
have helped M-eff cattle to maintain the same level of growth performance as L-eff group while 
consuming less dry matter intake (DMI). The second and third experiments evaluated differences 
in ruminal bacteria and the activities of microbial digestive enzymes between M-eff and L-eff 
dairy cows during the peripartum  period and early lactation. The results showed that M-eff cows 
enriched fibrolytic bacteria, propionate-producing bacteria, and lactate-removing bacteria 
whereas declined lactate-producing bacteria compared with L-eff group. The M-eff cows had 
lower activities for major ruminal digestive enzymes such as amylase, cellulase, xylanase, and 
protease than L-eff cows. These shifts in ruminal bacteria and digestive enzyme activities during 
the peripartum  period could be a mechanism for better feed efficiency in dairy cows. The fourth 
experiment was to determine differences in hindgut microbiome and metabolome in neonatal 
dairy heifer calves retrospectively grouped as M-eff or L-eff calves during the preweaning 
period. Rectal swabs were collected immediately at birth before colostrum feeding (i.e., d 0), and 
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fecal samples were collected at d 14, 28, and 42 (prior to weaning) for microbiome and 
untargeted metabolome analyses using 16s rRNA gene sequencing and liquid chromatography-
mass spectrometry (LC-MS) approaches. Microbiome data were analyzed with QIIME 2 
platform whereas metabolome data were analyzed with MetaboAnalyst 4 pipeline. Hindgut 
microbiome and metabolome profiles indicated that M-eff heifers had greater capacity for energy 
production (e.g. butyrate and propionate) and essential nutrients such as vitamins and amino 
acids than L-eff heifers, suggesting that M-eff heifers had extra supply of energy and nutrients. 
These might have helped M-eff heifers to maintain the same level of growth and development as 
L-eff heifers while consuming less DMI. The observed alterations in hindgut microbiome and 
metabolome might contribute, at least in part, to enhanced feed efficiency in neonatal dairy 
heifers during preweaning period. To our knowledge, most studies demonstrating the central role 
of manipulating maternal nutrition on hindgut microbiome in offspring have been performed 
with non-ruminants. Whether this phenomena exist in cattle is largely unknown. Therefore, the 
objective of the fifth experiment was to evaluate the impact of maternal methionine supply 
during late-pregnancy in dairy cows on hindgut microbiome and metabolome in neonatal calves. 
To achieve this, Holstein heifer calves born to cows receiving either a control (CON) diet or 
CON plus rumen-protected methionine (MET) during the last 28 d of pregnancy were selected 
for this study. Hindgut microbiome and metabolome profiles in MET heifers indicated greater 
capacity for the production of endogenous antibiotics and enhanced hindgut functionality and 
health. Those alterations could limit pathogen colonization in the hindgut while providing 
essential nutrients to neonatal calves. Together, such responses contribute to the ability of MET 
heifers to achieve better nutrient utilization to support greater growth during preweaning period 
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CHAPTER 1: LITERATURE REVIEW 
 
RESIDUAL FEED INTAKE (RFI)  
Among several methods used to quantify feed efficiency, residual feed intake (RFI) was 
proposed by Koch et al. (1963). Recently, RFI has become a commonly used measure for feed 
efficiency in beef and dairy cattle (Connor et al., 2013, DiGiacomo et al., 2018, Thompson et al., 
2018, Connor et al., 2019). The RFI is defined as the difference between the actual and the 
predicted feed intake for maintenance and production after adjusting dry matter intake (DMI) for 
the level of production through a linear regression model (Koch et al., 1963, Xi et al., 2016a). 
Expected feed consumption is calculated as a function of changes in body weight (BW) and 
growth or milk production in beef and dairy cattle, respectively (Potts et al., 2015). The 
regression model distinguishes which animals shift below (negative) or above (positive) the 
expected feed intake (Durunna et al., 2011). Hence, the most-efficient (M-eff) cattle, i.e. with the 
desired negative RFI coefficient, consume less feed than expected for meeting their requirements 
for maintenance and production (Potts et al., 2017). The M-eff individuals are biologically and 
economically efficient converting plant polysaccahrides to meat or milk production, having 
lower maintenance requirements without compromising the level of production compared with 
the least-efficient (L-eff) cattle having the unfavorable positive RFI coefficient (Gomes et al., 
2012, Lawrence et al., 2013). The RFI is a reliable feed efficiency trait because it is independent 
of the body size and level of production (Gomes et al., 2012). Furthermore, RFI is highly 
repeatable between different type of diets (Potts et al., 2015) and over different stages of 
lactation (Connor et al., 2013). Therefore, selecting better feed-efficient cattle based on RFI 
divergence will not reduce meat or milk production (Baker et al., 2006). 
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RFI and Growth Performance in Beef Cattle 
The RFI divergence between individual beef cattle is calculated as the difference between 
the observed and expected DMI, considering the average metabolic body weight (MBW) and 
average daily gain (ADG) to predict the expected DMI  (Koch et al., 1963). Several studies 
found that M-eff beef cattle dramatically decreased DMI whereas maintained similar or higher 
growth performance compared with L-eff individuals. For example, Novais et al. (2019) 
calculated RFI coefficient in 98 Nellore young bulls (16-20 months old and 376 ± 29 kg BW) 
over 70 d feedlot period to evaluate their feed efficiency. The results showed that M-eff bulls 
(RFI coefficient = -1.38 kg DMI/d) consumed 15% less DMI (10.38 vs.12.35 kg/d) whereas M-
eff group had 22% greater ADG (2.194 vs. 1.734 kg/d), 35% better feed conversion ratio (FCR) 
(4.7 vs. 7.3), and 7% greater final body weight (FBW) compared with L-eff bulls (RFI 
coefficient = +1.79 kg/d). Another RFI study used Simmental bulls to evaluate feed efficiency 
over 70 d recording period (Clare et al., 2018b). The study found that M-eff bulls (RFI 
coefficient = -0.50 kg DMI/d) had 11% lower DMI (8.9 vs. 10 kg/d) but similar ADG (1.8 vs. 
1.8 kg/d) and numerically higher FBW (516.1 vs. 508.6 kg) compared with L-eff bulls (RFI 
coefficient = +0.59 kg DMI/d). In another study, McDonnell et al. (2016) used 86 yearling 
Limousin × Friesian heifers over 112 d on RFI testing period. The results revealed that M-eff 
beef heifers (RFI coefficient = -0.74 kg DMI/d) had lower DMI (6.16 vs. 7.46 kg/d) but better 
FCR (3.96 vs. 4.91) and similar ADG (1.55 vs. 1.52 kg/d) and FBW (315 vs. 313 kg) compared 
with L-eff heifers (RFI coefficient = +0.66 kg DMI/d). These studies confirm that selecting M-
eff beef cattle based on RFI divergence would dramatically decrease feed consumption without 
compromising growth performance traits such as ADG, FCR, and FBW. Furthermore, RFI is 
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repeatable across different sexes (steers and heifers) and different breeds (Nellore, Simmental, 
Limousin × Friesian). 
RFI and Carcass Traits in Beef Cattle 
Several studies found that M-eff beef cattle had similar or better carcass traits however 
M-eff consumed lower feed intake compared with L-eff animals. For instance, Russell et al. 
(2016) used 985 growing crossbred steers in RFI study over 70 d, and found that M-eff steers 
had greater hot carcass weight (HCW) and similar ribeye area (REA) compared with L-eff steers. 
In another study, Fontoura et al. (2016) raised 34 crossbred bulls for 112 days of RFI evaluation. 
The results revealed that M-eff bulls (RFI coefficient = -4.2 kg DMI/d) had better carcass quality 
including greater REA (88.16 vs. 83.62 cm2), rib fat thickness (6.50 vs. 4.78 mm), rump fat 
(6.58 vs. 5.40 mm), and inter-rib fat (9.13 vs. 7.17 %) and numerically higher marbling score 
(7.70 vs. 7.53) whereas M-eff group maintained carcass lean tissue and bone percentage 
compared with L-eff bulls (RFI coefficient = +4.2 kg DMI/d). Fitzsimons et al. (2014) reported 
that M-eff beef bulls (RFI coefficient = -0.45 kg DMI/d) maintained carcass traits compared with 
L-eff bulls (RFI coefficient = +0.61 kg DMI/d) including ultrasound measurements (back fat 
thickness, rump fat thickness, muscle depth) and skeletal measurements (withers height, chest 
depth, chest circumference, pelvic width). In the same line, Kelly et al. (2010) evaluated RFI 
divergence in beef heifers over 82 d recording period. The results revealed that no difference 
between M-eff beef heifers (RFI coefficient = -0.63 kg DMI/d) and L-eff beef heifers (RFI 
coefficient = +0.52 kg DMI/d) in ultrasound measurements (rump fat thickness, muscle depth 
thickness), linear measurements (withers height, chest depth, chest girth, pelvic width, back 
length), and muscular score (width behind withers, development of hindquarter, thigh and 
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hindquarter width, docility). Therefore, M-eff beef cattle maintained economically important 
carcass traits whereas M-eff animals had lower feed intake compared with L-eff cattle. 
RFI and Milk Production in Dairy Cattle 
The RFI divergence between individual lactating dairy cows is calculated as the 
difference between the actual and the predicted DMI, where the predicted DMI is computed 
through a linear regression model using the regression of actual DMI on fat corrected milk 
(FCM), metabolic BW, and changes in BW (Xi et al., 2016b). Several studies revealed that M-eff 
dairy cows decreased DMI compared with L-eff dairy cows whereas no differences were 
detected in milk production between both groups. For example, Olijhoek et al. (2018) found in 
two dairy cow breeds (Danish Holstein and Danish Jersey) that M-eff dairy cows maintained 
milk yield, FCM, energy corrected milk (ECM), milk protein, and milk lactose content. In 
support of this study, DiGiacomo et al. (2018) reported that M-eff Holstein-Friesian cows (RFI 
coefficient = -0.83 kg DMI/d) had no changes in milk yield, FCM, and milk composition (fat, 
protein, and lactose content) compared with L-eff cows (RFI coefficient = 0.69 kg DMI/d) 
during mid-lactation stage (122 days in milk (DIM). Another study conducted by Rathbun et al. 
(2017) showed no differences between M-eff (RFI coefficient = -0.84 kg DMI/d) and L-eff (RFI 
coefficient = +0.86 kg DMI/d) lactating Holstein cows in somatic cell count (SCC), milk yield, 
FCM, and milk composition (fat and lactose content). Interestingly, M-eff dairy cows had greater 
milk protein, total solids, and non-fat solids but lower milk urea nitrogen compared with L-eff 
group (Xi et al., 2016b). These results support the notion that selecting M-eff dairy cows based 
on RFI divergence would maintain the level of milk production although M-eff lactating dairy 




Rumen Plays a Key Role in RFI Divergence 
Phenotypic variation in RFI between individual animals is directly related to variation in 
rumen-related functions such as feed digestion, efficiency of nutrient use, microbial protein 
production, and epithelial metabolism, all of which take place in the rumen. This, a vital role for 
the rumen in improving feed efficiency has been suggested (Herd et al., 2004, Herd and Arthur, 
2009). The rumen harbors a complex anaerobic microbial community, mainly bacteria, capable 
of producing various biopolymer hydrolyzing enzymes (e.g., amylase, xylanase, cellulase, and 
protease) that convert low-quality high-fiber feed into energetic metabolites such as volatile fatty 
acids (VFA) and microbial protein that can supply ruminants with 70% and 50% of its daily 
energy and protein requirements, respectively (Pitta et al., 2014, Yeoman and White, 2014). 
Furthermore, evidences indicate that M-eff beef bulls and heifers have greater digestibility for 
dry matter, organic matter, neutral detergent fiber, protein, and total digestible nutrients 
(McDonnell et al., 2016, Bonilha et al., 2017), underscoring the vital role of ruminal functions as 
key drivers of RFI divergence in cattle. Thus, additional work to evaluate ruminal bacteria, 
digestive enzymes, and epithelium tissue associated with M-eff beef and dairy cattle should help 
in identifying potential physiological mechanisms to enhance production efficiency in M-eff 
animals. 
Association between RFI and Ruminal Bacteria 
The association between RFI divergence and ruminal bacteria profile has been suggested 
previously in beef and dairy cattle. In beef cattle, McCann et al. (2014) found that M-eff 
Brahman bulls had greater abundance of Bacteroidales but lower Prevotella compared with L-eff 
bulls. In a recent study, Liang et al. (2017) reported that the M-eff lambs had lower Butyrivibrio 
fibrisolvens and Escherichia coli than L-eff lambs. The only available study on the association 
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between RFI phenotypes and ruminal bacteria in lactating dairy cows was conducted by Jewell et 
al. (2015) who observed that ruminal bacteria profiles in M-eff lactating dairy cows differed 
from the L-eff ones. For instance, over the course of two lactations, M-eff dairy cows had lower 
Anaerovibrio and Butyrivibrio than their L-eff counterparts (Jewell et al., 2015). That study only 
focused on profiling the composition of rumen bacterial community between M-eff and L-eff 
lactating dairy cows but did not provide information on the microbial enzyme activities in the 
rumen between the two RFI phenotypes. Therefore, it is reasonable to hypothesize that shifts in 
bacterial composition could be accompanied by changes in major microbial enzyme activities 
and impact RFI phenotypes. 
Association between RFI and Ruminal Epithelium Transcriptome 
The association between RFI divergence and ruminal epithelium gene transcription in 
finishing beef steers was addressed recently by Kong et al. (2016). Compared with L-eff group, 
M-eff steers had greater expression of genes involved in VFA absorption (dynamin-2 (DNM2); 
tubulin beta-5 (TUBB5); tubulin alpha-4a (TUBA4A)) (Kong et al., 2016). In another study, Kern 
et al. (2016) reported an upregulation for genes involved in cell growth and proliferation such as 
solute carrier family 26 member 3 (SLC26A3), caveolin 1 (CAV1), NAD(P)H quinone 
dehydrogenase 1 (NQO1), and regulator of G protein signaling 5 (RGS5) in M-eff beef steers 
compared with L-eff steers. These results suggest better VFA absorption and greater growth for 
ruminal epithelium in M-eff steers, likely provide M-eff animals with more energy to maintain 
the level of production (McDonnell et al., 2016, Clare et al., 2018a). In support of this notion, no 
differences in blood glucose or insulin between M-eff and L-eff beef heifers and steers have been 




Most RFI studies used limited number of animals (5 to 10 animals per group) to compare 
between M-eff and L-eff cattle over a period of 60-95 d testing period on a feeding trail for 
calculating RFI (DiGiacomo et al., 2018, Olijhoek et al., 2018). It is well-established that 
increasing number of cattle, i.e. greater sample size, is a powerful approach to detect more 
effects in response to the experimental treatments (Krzywinski and Altman, 2013). In beef cattle, 
recent studies suggest that shortening the testing period in RFI studies to 42 d and increase the 
number of cattle could improve selection for feed efficiency because DMI is repeatable across 
different life stages including the growing or finishing periods (National Program for Genetic 
Improvement of Feed Efficiency in Beef, 2016, Manafiazar et al., 2017). Whether reducing RFI 
testing period and involving a bigger cohort of animals would increase the ability to detect more 
differences between most- and least-efficient cattle is largely unknown. 
The evaluation of RFI divergence in cattle requires a well-controlled individual feeding 
system such as Calan Gates and GrowSafe that allows for accurate measurement of individual 
daily feed intake. The technology required to measure individual feed intake is expensive and not 
practical for commercial beef and dairy operations. Therefore, more studies are warranted to 
elucidate robust phenotypic or genetic biomarkers strongly correlate with RFI divergence in beef 
and dairy cattle that are easier to determine to efficiently select M-eff cattle early on. 
 
HINDGUT MICROBIOME IN NEONATAL DAIRY CALVES 
In a study conducted by Soberon et al. (2012), authors showed that better absorptive 
capacity for nutrients in the hindgut during preweaning period is associated with greater milk 
production in mature cows. Therefore, the promotion of hindgut functions during the preweaning 
period is crucial to supply nutrients and improve growth and production performance in calves 
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(Malmuthuge et al., 2014). Unlike adult ruminants, newborn calves have an undeveloped rumen 
until close to weaning. Therefore, the gastrointestinal tract undergoes rapid development during 
the preweaning period to allow calves to transition into an adult ruminant (Heinrichs, 2005). 
When the rumen is underdeveloped, complex carbohydrates such as resistant starch and 
oligosaccharides are indigestible by digestive enzymes in the small intestine, and reach the 
hindgut where they are digested by microbial communities resulting in the production of 
numerous metabolites including energy substrates such as VFA to supply calves with energy 
(Macfarlane and Englyst, 1986, Saulnier et al., 2009). Hindgut also contribute to nutrient 
absorption such as minerals and amino acids (Slade et al., 1971, Hoover, 1978, Kiela and 
Ghishan, 2016). Furthermore, the hindgut epithelium continuously senses luminal content to 
protect neonatal calves against unfavorable translocation of toxins and pathogenic microbes from 
the hindgut lumen into the blood circulation (Gabel et al., 2002). The hindgut provide the 
aforementioned beneficial functions to neonatal calves through a unique structure. For example, 
the hindgut encompasses numerous absorptive enterocytes to facilitate nutrient absorption. 
Furthermore, the hindgut produces defense molecules through immune cells (dendritic cells and 
lymphocytes) and mucus-secreting cells (goblet cells), to protect the calf against opportunistic 
bacteria and its unfavorable compounds (Peterson and Artis, 2014). Understanding microbial 
ecology in the hindgut and how they can be manipulated towards a healthier profile is essential 
to improve growth and development in neonatal dairy calves (Niewold, 2015, Malmuthuge and 
Guan, 2017). 
Dam-to-Fetus Efflux of Microbiome 
The early colonization of hindgut with commensal bacteria is important to induce 
maturation of metabolic and immune functions and enhance overall health in neonatal calves 
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(Gomez et al., 2017). Furthermore, beneficial bacteria in hindgut limit the colonization of 
pathogenic bacteria (Kamada et al., 2013). In an early study, Warner et al. (1965) found that the 
gastrointestinal tract in bovine fetus undergoes significant development in utero to shape its 
structural capacities before birth. Historically, it has been thought that the fetus grows in a germ-
free womb (Welly et al., 2016) but recent studies have detected bacteria in the first fecal samples 
collected from healthy calves right after the birth before feeding colostrum (Alipour et al., 2018). 
In the same line, others found bacteria in human fetal membranes delivered by caesarean section 
without getting exposed to maternal vagina microbiome (Jimenez et al., 2005). These findings 
suggest that the establishment of early hindgut microbiome in neonatal calves has been started in 
utero via dam-to-fetus efflux of commensal bacteria during pregnancy through placental layers 
(Funkhouser and Bordenstein, 2013). In support of this notion, Moore et al. (2017) detected 
bacteria in placental tissue in healthy dairy cows without any clinical evidence of infection or 
inflammation in cow or fetus. Another study found that labeled Enterococcus faecium orally 
administered to pregnant mice have been found in fetus hindgut (Jimenez et al., 2005). 
Furthermore, bacteria have been isolated from placenta, umbilical cord blood, and amniotic fluid 
in humans (Jimenez et al., 2005). The mechanism of dam-to-fetus bacterial transfer in utero is 
largely unknown (Steele et al., 2016). However, few studies suggested that maternal dendritic 
cells may play a role in bacterial translocation from the mother intestine to fetus hindgut during 
pregnancy in mammals (Perez et al., 2007, Aagaard et al., 2014). Dendritic cells can take up 
bacteria from the mother intestine and translocate bacteria into blood circulation. Once bacteria 
are in the circulation, bacteria can cross placental barriers and colonize fetus hindgut (Rescigno 
et al., 2001, Donnet-Hughes et al., 2010). Furthermore, human placental barrier becomes thinner 
when parturition is appraochesleading to increased nutrient transportation,fetus waste removal, 
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and enhanced gas exchange. Thus, the change in placental permeability,  might  increase the 
odds thatcommensal bacteria from the mother blood circulation reaches the fetus hindgut (Wloch 
et al., 2009). This prenatal efflux of bacteria may initiate the first fetal hindgut microbiome to 
support the adaptation of newborn to the life outside the dam. At birth, the hindgut of newborn 
calves might get extra commensal microbes from the dam through birth canal, saliva, feces, and 
skin (Steele et al., 2016). In humans, the exchange of commensal bacteria between the mother 
and the infant after birth is crucial for the promotion of infant growth and development (Penders 
et al., 2007). However, it is a common practice in dairy farms that newborn calves are 
immediately removed from their dam after birth (Ventura et al., 2013), limiting the exposure of 
newborn calves to maternal microbiome during this early stages of life. Whether this dam-calf 
separation would impair the function and development of hindgut microbiome in neonatal calves 
during preweaning period and later in life is largely unknown.   
Nutritional Programming of Hindgut Microbiome 
In recent years, a growing number of evidences from non-ruminant studies reported that 
the manipulation of maternal diet during pregnancy alter the early colonization of hindgut 
microbiome in newborns, likely influence growth and maturation of neonates. Maternal high-fat 
diet (43.1 vs. 24.4% dietary fat content) during the last 12 weeks of pregnancy in humans altered 
the neonatal hindgut microbiome that lasted during the first 6 weeks of age (Chu et al., 2016). 
For example, maternal high-fat diet reduced Bacteroides in neonatal hindgut which have been 
associated with developing obesity in humans later in life (Ley et al., 2006). In pigs, maternal 
soluble fiber during pregnancy increased beneficial bacteria associated with better digestive 
function, greater energy supply, and lower inflammation in the hindgut such as Lactobacillus, 
Bacteroides and Roseburia, likely promote greater growth performance during early life in 
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suckling piglets (Chassard et al., 2007, Cheng et al., 2018). Recently, two studies revealed that 
maternal methionine supply during late pregnancy, i.e., the last 25 days of gestation, in sows 
increased Methanobacteriaceae in the offspring hindgut, a well-known taxa that ferments 
complex carbohydrates such as resistant starch and oligosaccharides, suggesting greater energy 
supply to preweaned piglets (Azad et al., 2018, Bin et al., 2018). In the same line, Bin et al. 
(2018) found that maternal methionine induced remarked shifts in plasma metabolome profile in 
piglets associated with altering hindgut microbiome, suggesting that changes in neonates plasma 
metabolome could have contributed to the alterations in neonates hindgut metabolome. Yet, 
whether the manipulation of maternal diet in cattle during pregnancy would impact the 
establishment of hindgut microbiome in neonatal calves remains unclear.   
To date, most published studies have focused on the variation of phylogenetic 
architecture in the hindgut microbiome, while few studies investigated hindgut metabolites 
alongside microbial composition. Thus, a number of unanswered questions remain especially 
about potential changes in hindgut metabolome driven by manipulation of the microbiome. 
Profiling fecal metabolome might provide valuable information on the potential adaptive 
responses of the hindgut microbiome to changes in maternal diet during pregnancy. Furthermore, 
those data could help determine associations between hindgut functionality and efficiency of 
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CHAPTER 2: RESIDUAL FEED INTAKE IN BEEF CATTLE AND ITS ASSOCIATION 
WITH CARCASS TRAITS, RUMINAL SOLID-FRACTION BACTERIA, AND 
EPITHELIUM GENE EXPRESSION 
Manuscript published. 
Elolimy AA, Abdelmegeid MK, McCann JC, Shike DW, Loor JJ. Residual feed intake in beef 
cattle and its association with carcass traits, ruminal solid-fraction bacteria, and epithelium gene 
expression. J Anim Sci Biotechnol. 2018, 9:67. 
 
ABSTRACT 
Residual feed intake (RFI) describes an animal’s feed efficiency independent of growth 
performance. The objective of this study was to determine differences in growth performance, 
carcass traits, major bacteria attached to ruminal solids-fraction, and ruminal epithelium gene 
expression between most-efficient (M-eff) and least-efficient (L-eff) beef cattle. One-hundred 
and forty-nine Red Angus cattle were allocated to three contemporary groups according to sex 
and herd origin. Animals were fed a finishing diet in confinement for 70 d to determine the RFI 
category for each. Within each group, the two M-eff (n = 6; RFI coefficient = -2.69 ± 0.58 kg dry 
matter intake (DMI)/d) and the two L-eff animals (n = 6; RFI coefficient = 3.08 ± 0.55 kg 
DMI/d) were selected. Immediately after slaughter, ruminal solids-fraction and ruminal 
epithelium were collected for bacteria relative abundance and epithelial gene expression 
analyses, respectively, using real-time RT-PCR. The M-eff animals consumed less feed (P = 
0.01; 5.03 kg less DMI/d) compared with the L-eff animals. No differences (P > 0.10) in initial 
body weight (BW), final BW, and average daily gain (ADG) were observed between the two RFI 
classes. There were no significant RFI × sex effects (P > 0.10) on growth performance. 
Compared with L-eff group, hot carcass weight (HCW), ribeye area (REA), and kidney, pelvic, 
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and heart fat (KPH) were greater (P ≤ 0.05) in M-eff cattle. No RFI × sex effect (P > 0.10) for 
carcass traits was detected between RFI groups. Of the 10 bacterial species evaluated, M-eff 
compared with L-eff cattle had greater (P ≤ 0.05) relative abundance of Eubacterium 
ruminantium, Fibrobacter succinogenes, and Megasphaera elsdenii, and lower (P ≤ 0.05) 
Succinimonas amylolytica and bacterial density. No RFI × sex effect on ruminal bacteria was 
detected between RFI groups. Of the 34 genes evaluated in ruminal epithelium, the M-eff cattle 
had greater (P ≤ 0.05) abundance of genes involved in VFA absorption, metabolism, 
ketogenesis, and immune/inflammation-response. The RFI × sex interactions indicated that 
responses in gene expression between RFI groups were due to differences in sex. Steers in M-eff 
compared with L-eff group had greater (P ≤ 0.05) expression of SLC9A1, HIF1A, and ACO2. 
The M-eff compared with L-eff heifers had greater (P ≤ 0.05) mRNA expression of BDH1 and 
lower expression (P ≤ 0.05) of SLC9A2 and PDHA1. The present study indicates that greater 
feed efficiency in beef cattle is associated with differences in bacterial species and transcriptional 
adaptations in the ruminal epithelium that might enhance nutrient delivery and utilization by 
tissues. The current results showed no RFI × sex interaction for growth performance and carcass 
traits, indicating that sex may not play a major role in improving growth and carcass traits in 
superior RFI beef cattle. However, it is important to note that this result should not be considered 
solid biomarkers of efficient beef cattle prior to further examination due to the limited number of 
heifers compared with steers in the current study. 
 
INTRODUCTION 
The concept of residual feed intake (RFI), which is a commonly used measure for the 
efficiency of feed utilization in cattle independent from body weight (BW) and the level of 
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production, was proposed more than 50 years ago by Koch et al. (1963). RFI is defined as the 
difference between the actual dry matter intake (DMI) of an animal and the expected DMI 
required for maintenance and growth estimated through a regression equation involving 
metabolic BW and average daily gain (ADG) (Koch et al., 1963). The primary advantage of 
identifying M-eff animals (i.e., with low RFI) is to reduce DMI in beef systems without 
compromising growth performance because feed-related costs represent the largest production 
expense in beef production (Seabury et al., 2017). Any reduction in DMI to produce a unit of 
beef product would minimize feed costs, resulting in maximizing the overall profitability of beef 
industry.  
A previous study indicated that ~20% of RFI variation in beef cattle could be explained 
by differences in rumen-related functions such as microbial digestion and epithelial metabolism 
(Herd et al., 2004). Evidence indicates that M-eff beef bulls and heifers have greater digestibility 
for dry matter (DM), organic matter (OM), neutral detergent fiber (NDF), protein, and total 
digestible nutrients (TDN) (McDonnell et al., 2016; Bonilha et al., 2017b), underscoring the vital 
role of ruminal microbes and epithelial tissue as key drivers of divergence in RFI. Thus, 
additional work to evaluate ruminal microbes and epithelium tissue between divergent RFI 
classes should help in identifying potential physiological mechanisms to enhance nutrient uptake 
and production efficiency in M-eff cattle.  
The association between changes in ruminal bacteria profile and RFI divergence has been 
suggested previously. For example, compared with the least-efficient, M-eff Brahman bulls had 
greater abundance of Bacteroidales but lower Prevotella (McCann et al., 2014). In a recent 
study, Liang et al. (2017) reported that M-eff lambs had lower Butyrivibrio fibrisolvens and 
Escherichia coli. The association between feed efficiency in beef cattle and changes in ruminal 
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epithelium gene transcription was addressed recently. Kong et al. (2016) reported that, compared 
with the least-efficient, M-eff finishing steers had greater expression of genes involved in VFA 
absorption (dynamin-2 (DNM2); tubulin beta-5 (TUBB5); tubulin alpha-4a (TUBA4A)). A greater 
expression of genes involved in cell growth and proliferation such as solute carrier family 26 
member 3 (SLC26A3), caveolin 1 (CAV1), NAD(P)H quinone dehydrogenase 1 (NQO1), and 
regulator of G protein signaling 5 (RGS5) was detected in steers classified as high gain-low feed 
intake compared with L-eff steers (Kern et al., 2016).  
Most of the available RFI studies in beef cattle are limited to either steers or heifers, 
hence, the association between RFI and sex also warrants further investigation. It was 
hypothesized that holistic evaluation of the relationship between RFI and ruminal function, 
including ruminal bacteria and epithelial responses, in both steers and heifers would provide 
insights into biological mechanisms underpinning variation in RFI divergence between sexes. 
Such data would also help to uncover biomarkers for identifying M-eff animals. We addressed 
these issues using Red Angus beef steers and heifers classified as M-eff or L-eff during a 70 d 
finishing period. Major ruminal bacteria that play key roles in cellulose digestion (Fibrobacter 
succinogenes, Eubacterium ruminantium) (Kozakai et al., 2007; Wu et al., 2017), hemicellulose 
breakdown (Prevotella bryantii) (Matsui et al., 2000), xylan degradation (Butyrivibrio 
proteoclasticus) (Moon et al., 2008), starch consumption (Succinimonas amylolytica, 
Streptococcus bovis, Succinovibrio dextrinosolvens) (Khafipour et al., 2009), lactate utilization 
(Megasphaera elsdenii, Selenomonas ruminantium) (Hungate, 1966; Chowdhury et al., 2015), 
and ruminal biohydrogenation (Anaerovibrio lipolytica) (Zhu et al., 2017) were quantified in the 
rumen-solids fraction. Additionally, the abundance of rumen epithelial genes playing key roles in 
VFA absorption (Stumpff, 2018), metabolism (Minuti et al., 2015; Kern et al., 2017), 
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ketogenesis (O'Shea et al., 2016; Xiang et al., 2016), and immune/inflammation-response 
(McCann et al., 2016a) that could be affected by the changes in feed intake between RFI groups 
were measured at slaughter. 
 
MATERIALS AND METHODS 
All the procedures for this study were approved by Institutional Animal Care and Use 
Committee of the University of Illinois under protocol number 12009.  
Animals, Experimental Design, and Diets 
Three contemporary groups of Red Angus cattle (Group 1: 35 steers; Group 2: 37 heifers; 
Group 3: 80 steers) were used. Animal BW was recorded on 2 consecutive days at the beginning 
of the RFI test and averaged to determine initial BW. Animals were blocked in group pens based 
on their initial BW to limit domination. Each pen was equipped with GrowSafe® individual feed 
intake system (GrowSafe Systems Ltd, Alberta, Canada) allowing for individual intake data. 
Upon blocking the animals, electronic identification tags were attached to the left ear to help in 
tracking individual feed intake. The experimental period had a duration of 70 d (21 d of 
adaptation to traditional mid-west finishing feedlot diet and environment + 70 d of data 
collection). The experimental diet was formulated to meet all nutrient requirements for growing 
cattle according to NRC (Table 2.1). The experimental diet was fed in excess to achieve on 
average 5% of refusal daily. It was offered twice daily and all animals had ad libitum access to 




Animal Feedlot Test and RFI Calculation 
The BW, ADG, midpoint metabolic weight (MMW), and DMI were calculated for each 
animal as described previously (Basarab et al., 2011). Briefly, all animals were weighed at the 
beginning, end and at every 14 d of the experimental period prior to feeding to minimize 
differences in gut fill but with no food and water restriction. The ADG was estimated as the 
slope of the linear regression between BW and days on feed. Midpoint metabolic weight was 
calculated as midpoint BW0.75, with midpoint BW computed as the sum of the initial BW and the 
product of ADG multiplied by half of the days on RFI test. The DMI for each animal was 
recorded daily via the GrowSafe® system. After the end of the collection of feed intake data, 
cattle had access to the same diet ad libitum and remained in the same pens for 30 d until 
reaching 1.15 cm backfat depth measured by ultrasound.  
Animals were slaughtered after a 16-h fast. Hot carcass weight (HCW) was recorded, and 
kidney, pelvic, and heart fat (KPH), ribeye area (REA), backfat thickness (BFT), and marbling 
score (100 = practically devoid, 200 = traces, 300 = slight, 400 = small, 500 = modest, 600 = 
moderate, 700 = slightly abundant, 800 = moderately abundant) collected after a 24 h chill at -
4°C. Amount of boneless, closely-trimmed retail cuts from the high-value parts of the carcass 
(round, loin, rib, and chuck), i.e. USDA yield grade (YG), was calculated by evaluating the 
amount of HCW, KPH, BFT, and REA. Growth performance and carcass traits are shown in 
Table 2.2.  
Ruminal Digesta and Tissue Sampling 
After slaughter, the rumen from M-eff and L-eff animals was immediately removed and 
sampling of the solids-fraction and epithelium performed. Mixed ruminal contents were collected 
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and squeezed through 4-layers of cheesecloth allowing the separation of solids from the liquid 
fraction before sampling and placing in 50 mL sterilized tubes. The ruminal rumen papillae was 
excised (approximately 300 mg) from the central region of the ventral sac (Kong et al., 2016), 
and immediately washed with PBS before placing in 1.5 mL sterilized tubes. All samples were 
immediately snap-frozen in liquid nitrogen, transported to the laboratory. Rumen solids-fraction 
was stored at -20°C and ruminal epithelium stored at -80°C until further analysis. 
Ruminal Bacteria DNA Extraction and the Amplification of 16S rRNA Genes 
The procedure for extraction of bacteria attached to the solids-fraction was as previously 
described (Derakhshani et al., 2016). Briefly, 25 g of sample was added into 100 mL of chilled 
extraction buffer composed of 100 mmol/L Tris/HCl, 10 mmol/L EDTA, 0.15 mol/L NaCl at pH 
of 8.0. The mixture was homogenized by polytron (Kinematica Inc., Bohemia, NY, USA) for 2 
min, then centrifuged at 500  g for 15 min at 4°C to keep bacterial cells in the supernatant. The 
resulting supernatant was centrifuged at 10,000  g for 25 min at 4°C. The pellet was harvested, 
freeze-dried, and stored at -20°C. Twenty-five mg of the pellet was used to isolate total genomic 
DNA using the repeated bead-beating plus column method described by Yu and Morrison (Yu 
and Morrison, 2004) for mechanical lysis of bacterial cell wall employing the QIAamp DNA 
mini kit (QIAGEN, CA, USA) for DNA purification. The DNA quantity and quality were 
checked using 0.8% (wt/v) agarose gel electrophoresis and NanoDrop spectrophotometer (ND 
1000, NanoDrop Technologies, Inc., Wilmington, DE, USA) at 260 nm. Extracted DNA was 
standardized to 8 ng/μL for quantitative PCR (qPCR) reactions.  
Primers were selected to amplify 10 of major ruminal bacteria species play key roles in 
cellulose and hemicellulose digestion, xylan degradation, proteolysis, propionate production, 
lactate utilization and ruminal biohydrogenation (Elolimy et al., 2018), as listed in Supplemental 
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Material  1. A total of 10 μL of qPCR mixture contained 4 μL sample DNA, 5 μL 1X SYBR 
Green with ROX (Quanta BioSciences, Gaithersburg, MD, USA), 0.4 μL each of 10 μmol/L 
forward and reverse primers, and 0.2 μL DNase/RNase free water in a MicroAmpTM Optical 
384-Well Reaction Plate (Applied Biosystems, Foster City, CA, USA). Negative controls 
without template DNA and samples were run on the same plate in triplicate. The qPCR reactions 
were performed with ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, 
Foster City, CA, USA) using the following program: initial denaturation at 95°C for 5 min, 
followed by 40 cycles of 1 s at 95°C and 30 s annealing at 60°C. A final dissociation stage was 
performed to determine the specificity of the amplification. Relative abundance of bacterial 
species, including Anaerovibrio lipolytica, Butyrivibrio proteoclasticus, Eubacterium 
ruminantium, Fibrobacter succinogenes, Megaspheara elsdenii, Prevotella bryantii, 
Selenomonas ruminantium, Succinimonas amylolytica, Streptococcus bovis, and Succinivibrio 
dextrinosolvens, was calculated using the geometric mean of two universal primers of bacteria 
general 1 and bacteria general 2  (Maeda et al., 2003; Fliegerova et al., 2014) (Suppl. Table A.1) 
with the efficiency-corrected Δ−CT method (Ramirez-Farias et al., 2009). The copy number of 
total bacterial 16S rRNA genes in rumen solids-fraction was measured to estimate the total 
bacterial density using qPCR with the bacteria general 3 (Suppl. Table A.1) which was 
commercially synthesized (IDT, Coralville, IA, USA) to target the universal bacteria, following a 
procedure described previously (Zhou et al., 2009). 
 
Ruminal Epithelium RNA Extraction and cDNA Synthesis 
Ten mg tissue was immediately placed in 1.2 mL QIAzol Lysis Reagent (Qiagen, 
Valencia, CA, USA) and homogenized with 5 mm stainless steel beads using a Mini-Beadbeater 
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(BioSpec Products, Bartlesville, OK, USA) with two 30 s cycles, and 1 min incubation on ice in 
between the cycles. The sample was then centrifuged for 10 min at 12,000  g and 4°C, and the 
supernatant transferred to a separate tube and mixed with 240 μL of chloroform. After 
centrifugation for 15 min at 12,000  g at 4°C, the aqueous phase was transferred to a fresh 1.5 
centrifuge tube, mixed with 900 μL of 100% ethanol (Decon Laboratories, Inc., King of Prussia, 
PA, USA). The extracted RNA was cleaned using miRNeasy mini kit columns (Qiagen, 
Valencia, CA, USA) following the manufacturer’s instructions. All samples were treated with 
DNaseI (Qiagen, Valencia, CA, USA) to remove genomic DNA. Total RNA quantification was 
determined using a Nanodrop ND-1000 (Nanodrop Technologies, Rockland, DE, USA). The 
purity and integrity of extracted RNA was evaluated using a Fragment Analyzer (Advanced 
Analytical, Ames, IA, USA) with an average RIN score of 8.8 (minimum RIN = 7.4). The RNA 
was diluted to 100 ng/μL with DNase/RNase-free water. For cDNA synthesis, a mixture of 4 μL 
of diluted RNA, 5 μL of Random Primers (3 μg/μL; Roche Diagnostics, Basel, Switzerland), and 
45 μL of DNase/RNase-free water was incubated at 65°C for 5 min and kept on ice for 3 min. 
 A total of 36 μL of master mix composed of 16 μL 5X Reaction Buffer (Thermo Fisher 
Scientific, Waltham, MA, USA), 4 μL of Oligo dT18 (Custom DNA Oligo Tubes, Integrated 
DNA Technologies, Coralville, IA, USA), 1 μL of RevertAid Reverse Transcriptase (Thermo 
Fisher Scientific, Waltham, MA, USA), 8 μL of 10 mmol/L  dNTP mix (Invitrogen, Carlsbad, 
CA, USA), 0.5 μL of RNase Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA), and 6.5 
μL of  DNase/RNase-free water, was added. The reaction was performed in an Eppendorf 
Mastercycler® Gradient using the following temperature program: 25°C for 5 min, 42°C for 60 
min, and 70°C for 5 min. The cDNA was then diluted 1:4 with DNase/RNase-free water, prior to 




Complete information about primer sequences and qRT-PCR performance are reported in 
Suppl. Table A.2, Suppl. Table A.3, and Suppl. Table A.4. Their PCR products were verified 
using gel electrophoresis and sequencing (data not shown). The qRT-PCR reaction components 
and instrument conditions were the same as described for bacterial qPCR. All reactions were run 
in triplicate. A six-point relative standard curve was used to determine gene expression (McCann 
et al., 2016b) . The most-concentrated standard (100 ng/µL) was prepared by combining 30 µL 
from all samples after converting RNA into cDNA. Using molecular grade water, the subsequent 
standards were prepared through 1:4 serial dilutions of the most-concentrated standard to 
eventually get standard 1, 2, 3, 4, 5, and 6 contain 100, 25, 6.250, 1.560, 0.391, and 0.098 ng/µL, 
respectively, for the standard curve. After the completion of qPCR, Ct value of each sample has 
been used to calculate the cDNA quantity through the standard curve. Relative quantities were 
calculated using the geometric mean of CKLF like MARVEL transmembrane domain containing 
6 (CMTM6), ELKS/RAB6-interacting/CAST family member 1 (ERC1), and mitochondrial 
ribosomal protein L39 (MRPL39) (Naeem et al., 2012; Minuti et al., 2015) with the efficiency-
corrected 2−ΔΔCt method (Livak and Schmittgen, 2001). The gene expression results reported in 
Table 2.4 are the log2 back-transformed LSM and standard error.  
Statistical Analysis 
The RFI was calculated using the PROC MIXED procedure of SAS procedure of SAS 
9.4 (SAS Institute Inc., Cary, NC, USA). Animals were separated into 3 contemporary groups 
using sex and source of origin. RFI was calculated within contemporary group, and assumed to 
represent the residuals from a multiple regression model regressing DMI on ADG, MMW, and 
BFT, using pen as a random effect in the following model: 
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Expected DMI = β0 + β1 × ADG + β2 × MMW + β3 × BFT + β4 + ɛ 
in which β0  is the y-intercept, β1  is the partial regression coefficient of ADG, β2 is the partial 
regression coefficient of MMW, β3 is the partial regression coefficient of BFT, β4 is the random 
effect of pen and ɛ is the error term. The coefficient of determination (R2) was 0.76, 0.65, and 
0.42 for group 1, 2, and 3, respectively. As proposed by Basarab et al. (2011), the RFI (kg 
DMI/d) for each individual animal was then calculated as the difference between the daily DMI 
and the expected DMI. All animals were ranked by RFI, then the two most extreme low and high 
RFI animals from each group were selected to form two RFI groups: L-eff (n=6) and M-eff 
(n=6) animals, each composed of 6 extreme animals. Individual animal was the experimental 
unit, and dependent variables included growth performance, carcass traits, relative abundance of 
bacteria, and ruminal epithelium genes. Model included the fixed effects of RFI category, sex, 
and RFI × sex. Separation of LSM for significant effects was accomplished using the Tukey’s 
option within the MIXED procedure of SAS. Logit transformation (z = log[p/(1-p)]) was applied 
for bacterial abundance to ensure normal distribution of the data, where p represents the relative 
abundance of a bacterial species. Genes were log2 transformed before statistical analysis but the 
data were back-transformed for presentation in tables and figures. Significance was declared at P 
≤ 0.05, and trends toward significance were discussed at 0.05 < P ≤ 0.10. 
 
RESULTS 
Animal Performance and Carcass Traits 
The mean difference in RFI between M-eff and L-eff animals was 5.77 kg DMI/d. The 
M-eff animals consumed 2.69 ± 1.56 kg DMI/d less feed, whereas L-eff animals consumed 
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3.08 ± 1.56 kg DMI/d more feed than expected. The M-eff group had lower (P = 0.01) DMI than 
L-eff counterparts. No differences (P > 0.10) for initial BW, final BW, MMW, and ADG were 
observed between RFI groups (Table 2.2). There were no significant effect (P > 0.10) for the 
interaction of RFI and sex on growth performance (Table 2.2). For the sex effect on growth 
traits, steers had greater MMW (P = 0.05) and ADG (P = 0.04) and tended to have greater DMI 
(P = 0.06) than heifers. No RFI × sex interactions (P > 0.10) were detected between RFI classes 
in steers or heifers (Table 2.2).  
A main effect of RFI grouping was detected in carcass traits due to greater (P ≤ 0.05) 
HCW, KPH, and REA in M-eff compared with L-eff animals (Table 2.2). Regarding the RFI × 
sex effect on carcass traits, no significant differences (P > 0.10) were detected (Table 2.2). With 
respect to sex effects on carcass traits, there were significant differences between steers and 
heifers, with steers having greater HCW but lower (P ≤ 0.05) KPH and marbling score (Table 
2.2).  
 Ruminal Bacteria 
Among target bacteria, S. ruminantium and S. dextrinosolvens were the most abundant 
averaging 0.12 and 0.11% of the 16S rRNA copy numbers. There was no significant (P > 0.10) 
effect of RFI or sex on A. lipolytica, B. proteoclasticus, P. bryantii, S. ruminantium, S. bovis, and 
S. dextrinosolvens. The M-eff cattle had greater (P ≤ 0.05) abundance of E. ruminantium 
(218.4%), F. succinogenes (290.0%), and M. elsdenii (233.3%), and lower abundance (P < 0.01) 
of S. amylolytica (-81.6%). The lower 16S rRNA gene copy numbers/ng DNA indicated that 
total ruminal bacteria abundance was lower (P = 0.05) in M-eff animals (Table 2.3). There was 
no RFI × sex effect (P > 0.10) on the relative abundance of the selected bacteria or total bacteria 
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density. For the sex effect during the same time-frame, steers compared with heifers had greater 
relative abundance of E. ruminantium and F. succinogenes (Table 2.3).  
Epithelium Gene Expression 
VFA absorption. Compared with the least-efficient, M-eff animals had greater (P = 0.02) 
solute carrier family 16 member 3 (SLC16A3) expression and tended to have greater (P = 0.06) 
solute carrier family 26 member 3 (SLC26A3) expression (Table 2.4). In contrast, M-eff cattle 
had lower (P = 0.01) solute carrier family 9 member A2 (SLC9A2) expression (Table 2.4). An 
RFI × sex effect (P ≤ 0.05) was also detected for solute carrier family 9 member A1 (SLC9A1) 
and hypoxia inducible factor 1 alpha subunit (HIF1A) because of greater expression in M-eff 
compared with L-eff steers, whereas no significant differences (P > 0.10) for both genes were 
detected between RFI classes for heifers (Fig. 2.1). For the sex effect, compared with heifers, 
steers tended (P = 0.08) to have lower expression of SLC9A1 (Table 2.4). 
VFA metabolism. Among the 6 genes measured for VFA metabolism, none was 
significantly affected by RFI classification (P > 0.10) (Table 2.4). Compared with L-eff steers, 
M-eff steers had greater (P = 0.02) aconitase 2 (ACO2) expression. For the sex effect, compared 
with heifers, steers had greater solute carrier family 25 member 20 (SLC25A20) (P = 0.04) and 
tended to have lower expression (P = 0.07) of propionyl-CoA carboxylase alpha subunit 
(PCCA). 
Ketogenesis. Compared with the least-efficient, M-eff animals had greater (P ≤ 0.05) 
mRNA expression of 3-hydroxymethyl-3-methylglutaryl-CoA lyase (HMGCL) and 3-hydroxy-3-
methylglutaryl-CoA synthase 2 (HMGCS2), whereas acetyl-CoA acetyltransferase 1 (ACAT1) 
tended to be greater (P = 0.09) (Table 2.4). Sex had no effect on the ketogenic genes (P > 0.10). 
30 
 
For the RFI × sex interaction, M-eff heifers had greater (P = 0.04) 3-hydroxybutyrate 
dehydrogenase 1 (BDH1) expression compared with the L-eff heifers.  
Pyruvate metabolism. Compared with the least-efficient, M-eff animals had greater (P = 
0.02) lactate dehydrogenase A (LDHA) expression and tended to have greater (P = 0.09) lactate 
dehydrogenase B (LDHB), whereas the expression of pyruvate dehydrogenase alpha 1 (PDHA1) 
was lower (P = 0.02) (Table 2.4). For the RFI × sex interaction, M-eff heifers had lower (P = 
0.02) PDHA1 expression compared with the L-eff heifers.  
Other metabolic pathways and immune response. Compared with the least-efficient, M-
eff animals had greater (P = 0.01) expression of peroxisome proliferator activated receptor delta 
(PPARD) and tended to have greater (P = 0.09) expression of free fatty acid receptor 2 (FFAR2) 
(Table 2.4). For the sex effect, steers had lower (P ≤ 0.01) FFAR2 in comparison with heifers 
(Table 2.4). For the RFI × sex interaction, M-eff steers had greater (P ≤ 0.05) expression of 
FFAR2 compared with the L-eff steers, but no differences were detected for FFAR2 between RFI 
groups for heifers (P > 0.10). The expression of the immune-responsive toll like receptor 2 




Animal Performance and Carcass Traits 
Compared with the L-eff animals, the greater HCW and REA observed in M-eff animals 
is in line with several studies investigating the relationship between RFI grouping and protein 
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deposition in beef cattle (Robinson and Oddy, 2004; Santana et al., 2012). The similar marbling 
score and BFT between RFI groups was driven primarily by the lack of enough biological 
replicates as carcass composition was not the main objective of the study. Other studies found 
that marbling was greater in L-eff steers (Ahola et al., 2011; Davis et al., 2018). Despite this, in 
the future, it will be important to determine with greater numbers of animals whether lower DMI 
in M-eff cattle is associated with differences in intramuscular fat. With that type of information 
we could better address the issue of whether the control of marbling in M-eff cattle occurs 
primarily at the tissue level.  
Ruminal Bacteria 
Several studies indicated that superior feed efficiency (RFI) in beef steers is associated 
with shifts in rumen bacterial composition in favor of improving feedstuff digestibility (Myer et 
al., 2015; Li and Guan, 2017), but none of those studies investigated whether sex, i.e. steers vs. 
heifers, would impact bacterial profile. The greater abundance of F. succinogenes (290%) and E. 
ruminantium (218%) in M-eff animals could have been associated with improvements in fiber 
degradation and feed digestibility. In the same line, Elolimy et al. (2018) reported that M-eff 
dairy cows tended to have greater F. succinogenes around calving. F. succinogenes, a strictly 
anaerobic Gram-negative bacterium, is one of the most-important cellulose-degrading bacteria in 
the rumen, and ferments cellulose, xylan, cellobiose, and glucose to generate succinate, acetate 
and formate (Ransom-Jones et al., 2012). E. ruminantium, a Gram-positive bacteria, also plays a 
cellulolytic role in the rumen (Maia et al., 2007). A better ability to ferment fiber through greater 
abundance F. succinogenes and E. ruminantium is supported by previous reports showing that 
M-eff beef bulls and heifers had greater rates of DM, OM, NDF, protein, and TDN digestibility 
(McDonnell et al., 2016; Bonilha et al., 2017b).  M. elsdenii, a Gram negative bacterium, utilizes 
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lactate to produce butyrate and propionate by reverse β-oxidation (Chowdhury et al., 2015). 
Additionally, E. ruminantium produces butyrate through cellulose degradation (Kozakai et al., 
2007). In a recent study, Elolimy et al. (2018) found that M-eff dairy cows tended to have greater 
M. elsdenii around calving. Therefore, the greater relative abundance of M. elsdenii and E. 
ruminantium in M-eff cattle in the current study could have led to increases in the molar 
proportion of butyrate and propionate in the rumen. In support of this speculation, Muya et al. 
(2015) reported that neonatal dairy bulls and heifers receiving a 50 mL oral dose of M. elsdenii at 
14 d of age had greater intraruminal butyrate production and plasma β-hydroxybutyrate (BHBA) 
at weaning (42 d of age).  
Several lines of evidence indicate that M-eff cattle and sheep have greater butyrate, 
propionate, and propionate:acetate ratio in the rumen (Shabat et al., 2016; Liang et al., 2017). 
Enhancing the production of butyrate and propionate in the rumen is of physiologic significance 
for increasing energy retention from the feed since butyrate is metabolized by the ruminal 
epithelium to BHBA, whereas propionate is the main precursor for hepatic gluconeogenesis 
(Quigley et al., 1991; Russell and Wilson, 1996). Thus, although ruminal VFA concentrations 
were not measured in this study, we speculate that M-eff animals may have had greater levels of 
butyrate and propionate partly in response to the greater abundance of M. elsdenii and E. 
ruminantium in the rumen. Due to its role in the removal of lactate, M. elsdenii also helps 
maintain ruminal pH and control lactic acidosis (Ribeiro Junior et al., 2016). Several studies 
observed a dramatic decrease in cellulolytic bacteria such as F. succinogenes, Ruminococcus 
albus, and Ruminococcus flavefaciens, but an increase in amylolytic species, e.g. S. amylolytica 
and Ruminobacter amylophilus, under low ruminal pH conditions such as subacute ruminal 
acidosis (SARA) (Khafipour et al., 2009; Petri et al., 2012). Therefore, greater M. elsdenii 
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abundance in M-eff cattle in the present study may have helped control ruminal pH, in turn 
facilitating the growth of cellulolytic F. succinogenes and E. ruminantium instead of amylolytic 
species such as S. amylolytica.   
The discrepancy between a greater abundance of 3 important bacterial species and lower 
total bacterial population density in M-eff cattle could be partly attributed to the fact we only 
measured a small number of bacterial species. Therefore, future studies to elucidate how shifts in 
rumen microbiota and its fermentation patterns are associated with RFI divergence in finishing 
beef cattle are necessary. Because bacteria comprise 95% of the whole ruminal microbial 
community and contribute the most to feedstuff digestion, a lower density of total bacteria could 
be taken as indication that digestive function might be compromised in M-eff animals (Pitta et 
al., 2014). Despite that, other studies revealed that M-eff beef bulls and heifers had higher feed 
digestibility for DM, OM, NDF, protein, and TDN (McDonnell et al., 2016; Bonilha et al., 
2017b). This suggests that 16S gene copy numbers may not reflect the actual capacity of feed 
digestion in M-eff cattle. The lower total bacterial density observed in M-eff cattle could have 
been attributed to lower DMI detected during the study since it is known that microbial growth is 
strongly correlated with the level of voluntary DMI (Febel and Fekete, 1996). Decreasing DMI 
would slow down the ruminal passage rate which is associated with increased energy costs of 
maintenance for microbes (Firkins, 1996) leading to a decrease in the overall microbial 
population in M-eff cattle in the current study.  
Ruminal Epithelium Gene Expression 
VFA absorption and metabolism. Shifts in ruminal bacterial species in M-eff animals in 
the present study and the expected changes in VFA profile were possibly associated with 
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alteration in the expression of various genes in ruminal epithelium. Expression of SLC16A3, 
SLC26A3, and HIF1A participate in the transepithelial absorption of VFA (Kirat et al., 2007; 
Stumpff, 2018). Butyrate induced the transcription of SLC16A3, SLC26A3, and HIF1A in sheep 
ruminal epithelia, human breast cancer, and colon cell lines (Alrefai et al., 2007; Queiros et al., 
2012; Dengler et al., 2015). Therefore, the concurrent increase in the expression of those genes 
in M-eff animals might have been part of functional adaptations to enhance absorptive capacity 
in M-eff cattle. As such, molecular adaptations could have helped compensate for the lower feed 
intake in M-eff animals. The greater rate of VFA uptake in response to upregulation of VFA 
absorption in the ruminal epithelium of M-eff animals could have led to increases in intracellular 
proton (H+) load, hence, compromising intracellular pH (pHi) (Yan et al., 2014). The Na
+/H+ 
exchangers such as SLC9A1, which localize to the stratum granulosum of ruminal epithelium, 
play a central role in maintaining constant pHi in rumen epithelial cells (Yang et al., 2012). The 
greater expression of SLC9A1 in M-eff steers could have been of physiologic importance 
because enhanced epithelial VFA uptake would have increased the intracellular H+ load. As such, 
the response in SLC9A1 is suggestive of better functional capacity for the ruminal epithelium in 
M-eff cattle to maintain pHi. ACO2 is an iron-sulfur enzyme that stimulates the conversion of 
citrate to isocitrate, an early step in the tricarboxylic acid (TCA) cycle (Myers et al., 2010). 
Therefore, upregulation of ACO2 in the ruminal epithelium of M-eff steers would be predicted to 
enhance activity of the TCA cycle, leading to greater energy production in ruminal epithelial 
cells. 
Ketogenesis. The fact that the mRNA expression of ACAT1, HMGCL, BDH1, and 
HMGCS2 was greater in M-eff animal suggests that epithelial butyrate utilization was more 
active in those animals, likely due to greater ruminal butyrate availability as shown by Guan et 
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al. (2008). Greater butyrate production in M-eff animals is supported by the greater abundance of 
M. elsdenii and E. ruminantium in the rumen. Thus, the combined response in these genes 
suggests not only greater synthesis of hydroxybutyrate (BHBA) but potentially greater 
generation of ATP from metabolism of acetoacetyl-CoA. Because the reaction catalyzed by 
ACAT1 is bi-directional, the greater expression of ACAT1 in M-eff animals could have allowed 
for an increase in metabolism of acetyl-CoA generated from butyrate oxidation toward 
acetoacetyl-CoA (Gonzalez-Serrano et al., 2013). The enzymes encoded by HMGCS2 and 
HMGCL catalyze synthesis of hydroxyl-methyl-glutaryl-CoA and acetoacetate which can then be 
utilized by BDH1 to generate BHBA (Wang et al., 2016; Ma et al., 2017). The fact that 
HMGCS2 is transcriptionally-regulated suggests that M-eff animals likely had an enhanced 
activity of the enzyme such that the main end-product BHBA was exported into the portal vein 
for utilization by peripheral tissues. Clearly, the upregulation of ACAT1 also would have allowed 
for utilization of acetoacetyl-CoA for synthesis of ATP, i.e. re-circulation of BHBA back into 
ruminal epithelium through the bi-directional BDH1 enzyme would have generated acetoacetyl-
CoA followed by cleavage into 2 acetyl-CoA for further metabolism within the TCA cycle. The 
current study showed no differences in TECR expression between RFI groups however Kong et 
al. (2016) indicated that TECR had greater expression in the ruminal epithelium of M-eff steers. 
This discrepancy was likely driven by using a greater number of animals (9 steers/group) 
compared with the current study, which may have allowed detecting smaller differences in 
epithelial TECR expression in response to RFI divergence. 
Pyruvate metabolism. In coordination with the ketogenic genes, the upregulation of 
epithelial LDHA, LDHB, and FFAR2 in M-eff cattle could have ensured that energy production 
is maintained in spite of lower feed intake. Lactate dehydrogenase A (LDHA) encodes a 
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cytoplasmic enzyme catalyzing the conversion of pyruvate to lactate and NAD+ (Ivanov et al., 
2011). Lactate is then transported into the mitochondria for conversion into pyruvate and NADH 
via LDHB, promoting pyruvate oxidation in the TCA cycle and generation of reducing 
equivalents (e.g. NADH), which, in turn, can promote mitochondrial ATP synthesis and energy 
production (Valvona et al., 2016). The PDHA1 gene encodes the subunit of the active site of the 
pyruvate dehydrogenase (PDH) enzyme that converts pyruvate to acetyl-CoA during glucose, 
lactate, or amino acid oxidation, and helps in the production of ATP (Johnson et al., 2001). The 
expression of FFAR2 in ruminal epithelium of cattle is activated by luminal propionate 
concentration, hence, enhancing its metabolism to pyruvate via succinyl-CoA (Wang et al., 
2012). Thus, the greater FFAR2 in M-eff animals supports the possibility that higher amounts of 
ruminal propionate were produced, hence, upregulating FFAR2. 
The lower expression of PDHA1 in M-eff cattle supports the notion that there was greater 
production of ruminal butyrate. Previous reports detected an increase in epithelial LDHA and a 
decrease in PDHA1 expression in beef and dairy cattle due to feed restriction or increased 
butyrate production in the rumen, respectively (O'Shea et al., 2016; O’Shea et al., 2016). It was 
speculated that such responses would result in greater acetyl-CoA supply. Taken together, 
changes in the expression of LDHA, LDHB, FFAR2, and PDHA1 in the ruminal epithelium of 
M-eff animals offers further support to the idea that those animals were able to more-efficiently 
capture energy from ruminal VFA.   
Nuclear receptors. Among peroxisome proliferator-activated receptors measured in the 
current study, inducing PPARD could activate transcription of genes related to ketogenesis (Shi 
et al., 2017). Therefore, we speculate that the upregulation of PPARD in M-eff animals was part 
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of the transcriptional response that could have enhanced ketogenesis. This idea is supported in 
part by the upregulation of ACAT1, HMGCL, BDH1, and HMGCS2.  
 
CONCLUSIONS 
An improvement of feed efficiency in M-eff cattle occurs in part through greater 
abundance of major bacterial species associated with fiber and non-fiber carbohydrate digestion 
that adhere to the ruminal solids-fraction, for example but not limited to F. succinogenes, M. 
elsdenii and E. ruminantium. The end-result is greater production of essential energy substrates 
for cattle (butyrate and propionate), which in turn activate metabolic pathways in ruminal 
epithelium to enhance VFA absorption and ketogenesis. Together, these adaptations would 
provide a greater energy supply to the host, which was partly reflected in the better carcass 
characteristics including HCW, KPH, and REA. The lack of association between RFI and sex on 
growth traits, carcass traits, and ruminal bacteria profiles underscore the independence of RFI. 
Overall, better feed efficiency as determined by RFI is at associated with unique adaptations in 




TABLES AND FIGURE 
 
Table 2.1. Diet and nutrient composition fed to finishing cattle on RFI testing for 70 d 
 
Item Inclusion, % DM 
Ingredient, %   
   High-moisture corn 20.00 
   Cracked corn 40.00 
   Corn silage 20.00 
   DDGS1 10.00 
   Supplement, % of DM 10.00 
      Ground corn 76.19 
      Urea 5.99 
      Limestone 15.89 
      Dairy trace mineral salt2 0.91 
      Rumensin 903 0.15 
      Tylan 404 0.10 
      Vitamin A-V blend 0.77 
Analyzed nutrient content, %   
   CP 15.62 
   NDF 20.82 
   ADF 8.17 
   Fat 3.71 
1Dried distillers grains with solubles 
2Contained 8.5% Ca (as CaCO3), 5% Mg (as MgO and MgSO4), 7.6% K (as KCl2), 6.7% Cl (as KCl2), 10% S 
(as S8, prilled), 0.5% Cu (as CuSO4 and Availa-4; Zinpro Performance Minerals; Zinpro Corp, Eden Prairie, 
MN) 
3Elanco Animal Health, Greenfield, IN 














Table 2.2. Growth and carcass traits of the least-efficient (L-eff; n=6) and the most-efficient (M-eff; n=6) beef cattle on RFI testing for 70 d 
during the finishing period 
 
Means with different superscripts (a, b) within row represent differences among overall RFI or sex effects (P ≤ 0.05) 
1RFI = residual feed intake 
2SE = standard error of the mean for RFI effect 
3SE = standard error of the mean for sex effect 
4MMW = midpoint metabolic weight 
5HCW = hot carcass weight 
6KPH = kidney, pelvic, and heart 
7REA = ribeye area 
8BFT = backfat thickness 
9For marbling score 100 = practically devoid, 200 = traces, 300 = slight, 400 = small, 500 = modest, 600 = moderate, 700 = slightly 
abundant 
10YG = yield grade = 2.5 + 0.984 × BFT (cm) + 0.20 × KPH (%) + 0.0084 × HCW (kg) − 0.0497 × LM area (cm2) (Field, 2007) 
 
Item RFI1  Sex  P-value 
L-eff M-eff  SE2  Steers Heifers SE3  RFI Sex RFI × sex 
Growth performance            
   Initial BW, kg 836.06 814.25 45.95  847.31 803.00 53.05  0.75 0.52 0.87 
   Final BW, kg 1173.63 1124.25 64.77  1189.88 1108.00 74.79  0.61 0.40 0.59 
   MMW4, kg0.75 166.39 173.06 39.5  179.50 159.95 6.85  0.45 0.05 0.43 
   ADG, kg/d 1.77 1.83 39.5  2.02a 1.57b 0.15  0.75 0.04 0.91 
   DMI, kg/d 23.39a 18.36b 1.13  22.62 19.13 1.24  0.01 0.06 0.77 
   RFI coefficient, kg/d 3.08a -2.69b 0.58  0.35 0.043 0.63  <0.01 0.71 0.52 
Carcass traits            
   HCW5, kg 323.53b 357.56a 9.61  367.26a 313.83b 10.52  0.04   <0.01 0.66 
   KPH6, % 2.25b 2.69a 0.14  2.06b 2.88a 0.14  0.05   <0.01 0.33 
   REA7, cm2 78.52b 89.40a 3.20  85.17 82.74 3.51  0.04 0.58 0.62 
   BFT8, mm 11.81 12.19 1.58  11.81 12.19 1.82  0.87 0.87 0.48 
   Marbling score9 442.5 457.5 20.63  407.5b 492.5a 23.82  0.62 0.02 0.21 
   YG10 2.97 2.45 0.34  2.87 2.56 0.39  0.32 0.54 0.73 
40 
 
Table 2.3. Relative abundance (%) of 10 targeted rumen bacteria species and the 16S rRNA gene copy numbers of the total rumen bacterial 
community in the rumen solids-fraction of the least-efficient (L-eff; n=6) and the most-efficient (M-eff; n=6) beef cattle on RFI testing for 
70 d during the finishing period 
 
Means with different superscripts (a, b) within row represent differences among overall RFI or sex effects (P ≤ 0.05) 
1 Data were logit transformed to ensure normality of residuals 
2RFI = residual feed intake  
3SE = standard error of the mean for RFI effect 
4SE = standard error of the mean for sex effect 




Item1 RFI2 d        Sex d P-value 
 L-eff M-eff SE3    Steers Heifers    SE4 RFI Sex RFI × sex 
Target bacterial species           
   A. lipolytica 9.00×10-5 1.80×10-4 0.27  1.20×10-4 1.30×10-4 0.31 0.48 0.96 0.45 
   B. proteoclasticus 1.12×10-2 1.91×10-2 0.22  1.33×10-2 1.60×10-2 0.25 0.47 0.80 0.66 
   E. ruminantium 4.18×10-2b 9.13×10-2a 0.10  9.09×10-2a 4.20×10-2b 0.11 0.05 0.05 0.84 
   F. succinogenes 1.00×10-4b 2.90×10-4a 0.13  3.00×10-4a 0.90×10-4b 0.14 0.03 0.02 0.79 
   M. elsdenii 3.00×10-5b 7.00×10-5a 0.12  4.00×10-5 5.00×10-5 0.12 0.04 0.73 0.35 
   P. bryantii 3.52×10-2 4.31×10-2 0.14  5.37×10-2 2.82×10-2 0.16 0.67 0.20 0.40 
   S. ruminantium 1.17×10-1 1.25×10-1 0.08  1.21×10-1 1.20×10-1 0.09 0.80 0.97 0.95 
   S. amylolytica 3.80×10-4a 0.70×10-4b 0.14  2.40×10-4 1.20×10-4 0.14 <0.01 0.16 0.83 
   S. bovis 6.75×10-3 5.63×10-3 0.25  6.30×10-3 6.03×10-3 0.29 0.83 0.96 0.48 
   S. dextrinosolvens 1.22×10-2 4.81×10-2 0.48  1.38×10-2 4.26×10-2 0.56 0.41 0.49 0.28 
Bacteria density           
The 16S rRNA gene copy 
numbers  
   (log10)/ng DNA5 
8.07a 8.03b 0.01  8.05 8.05 0.01 0.05 0.89 0.60 
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Table 2.4. Relative mRNA expression of rumen epithelium genes in the least-efficient (L-eff; n=6) and the most-efficient (M-eff; n=6) beef 
cattle on RFI testing for 70 d during the finishing period 
 
 RFI1  d       Sex d  P-value 
 L-eff M-eff  SE2   Steers  Heifers  SE3  RFI Sex RFI × sex 
VFA absorption             
   SLC16A1 0.96 1.06  0.04 1.05  0.97  0.05  0.13 0.23 0.43 
   SLC16A3 1.04b 1.18a  0.03 1.11  1.11  0.03  0.02 0.89 0.96 
   SLC26A3 0.81 1.00  0.06 0.98  0.83  0.07  0.06 0.11 0.75 
   HCAR1 1.12 1.08  0.05 1.07  1.13  0.06  0.65 0.47 0.18 
   SLC9A1  1.04 1.05  0.01 1.03  1.06  0.01  0.81 0.08 0.04 
   SLC9A2 1.14a 1.06b  0.02 1.09  1.11  0.02  0.01 0.48 <0.01 
   SLC9A3 1.11 1.09  0.05 1.13  1.07  0.05  0.74 0.44 0.12 
   APPBP2 1.03 1.01  0.04 1.01  1.02  0.04  0.80 0.83 0.11 
   HIF1A 1.04 1.05  0.01 1.06  1.03  0.01  0.69 0.12 0.01 
VFA metabolism              
   ACSS1 1.23 1.12  0.14 1.25  1.10  0.15  0.57 0.47 0.56 
   ACSS2  0.95 0.99  0.05 0.98  0.96  0.06  0.54 0.80 0.60 
   ACO1 0.69 0.69  0.02 0.70  0.68  0.02  0.95 0.62 0.08 
   ACO2 1.06 1.07  0.01 1.07  1.06  0.01  0.42 0.86 0.02 
   PCCA 1.01 1.04  0.03 0.99  1.06  0.03  0.32 0.07 0.73 
   SLC25A20 1.05 1.11  0.03 1.12a  1.04b  0.03  0.11 0.04 0.17 
Ketogenesis              
   ACADS 1.00 1.05  0.02 1.01  1.04  0.03  0.12 0.41 0.33 
   ACAT1 1.06 1.17  0.04 1.13  1.09  0.05  0.09 0.46 0.45 
   HMGCL 1.01b 1.10a  0.03 1.04  1.06  0.03  0.04 0.53 0.44 
   BDH1 0.98 1.04  0.03 1.02  1.00  0.03  0.13 0.59 0.04 
   HMGCS2 0.99b 1.16a  0.06 1.11  1.04  0.05  0.04 0.37 0.47 
   TECR 1.04 1.05  0.02 1.05  1.04  0.03  0.83 0.60 0.08 
Pyruvate Metabolism              
   LDHA 0.97b 1.03a  0.02 0.98  1.02  0.02  0.02 0.09 0.96 
   LDHB 0.99 1.07  0.03 1.00  1.06  0.04  0.09 0.18 0.83 
   PDHA1 1.18a 1.09b  0.02 1.13  1.14  0.03  0.02 0.70 0.02 
   PC 1.02 1.04  0.03 1.01  1.06  0.03  0.74 0.20 0.45 
Other metabolic pathways              
   PPARA 1.25 1.27  0.05 1.25  1.27  0.06  0.80 0.85 0.79 
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Table 2.4. (Cont)              
              
   PPARG 1.00 1.00  0.02 0.98  1.02  0.02  0.88 0.14 0.66 
   PPARD 0.99b 1.07a  0.02 1.01  1.04  0.02  0.01 0.18 0.37 
   FFAR2 0.93 1.04  0.04 0.87b  1.11a  0.05  0.09 <0.01 0.02 
   RGS5 1.06 1.02  0.09 0.99  1.10  0.11  0.75 0.38 0.51 
   NQO1 1.04 1.14  0.04 1.06  1.11  0.05  0.12 0.41 0.80 
Immune/inflammation-response              
   TLR2 0.97 1.02  0.02 0.98  1.01  0.03  0.15 0.41 0.18 
   TLR4 1.15 1.09  0.07 1.09  1.14  0.08  0.56 0.57 0.68 
Means with different superscripts (a, b) within row represent differences among overall RFI or sex effects (P ≤ 0.05) 
1RFI = residual feed intake 
2SE = standard error of the mean for RFI effect 





Fig. 2.1. Significant RFI and sex interactions (P ≤ 0.05) on relative mRNA expression of rumen 
epithelium genes in the least-efficient (L-eff; n=6) and the most-efficient (M-eff; n=6) beef cattle 
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CHAPTER 3: ASSOCIATION OF RESIDUAL FEED INTAKE WITH ABUNDANCE OF 
RUMINAL BACTERIA AND BIOPOLYMER HYDROLYZING ENZYME ACTIVITIES 
DURING THE PERIPARTUM  PERIOD AND EARLY LACTATION IN HOLSTEIN 
DAIRY COWS 
Manuscript published. 
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Residual feed intake (RFI) in dairy cattle typically calculated at peak lactation is a 
measure of feed efficiency independent of milk production level. The objective of this study was 
to evaluate differences in ruminal bacteria, biopolymer hydrolyzing enzyme activities, and 
overall performance between most-efficient (M-eff) and least-efficient (L-eff) dairy cows during 
the peripartum  period. Twenty multiparous Holstein dairy cows with ad libitum access to a total 
mixed ration from d -10 to d 60 relative to the calving date were used. Cows were classified into 
M-eff (i.e. with low RFI, n=10) and L-eff (i.e. with high RFI, n=10) based on a linear regression 
model involving dry matter intake (DMI), fat-corrected milk (FCM), changes in body weight 
(BW), and metabolic BW. The M-eff cows had ~2.6 kg/d lower DMI at wk 4, 6, 7, and 8 
compared with the L-eff cows. In addition, M-eff cows had greater relative abundance of total 
ruminal bacterial community during the peripartum  period. Compared with L-eff cows, M-eff 
cows had 4-fold greater relative abundance of Succinivibrio dextrinosolvens at d -10 and d 10 
around parturition and tended to have greater abundance of Fibrobacter succinogenes and 
Megaspheara elsdenii. In contrast, the relative abundance of Butyrivibrio proteoclasticus and 
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Streptococcus bovis was lower and Succinimonas amylolytica and Prevotella bryantii tended to 
be lower in M-eff cows around calving. During the peripartum  period, M-eff cows had lower 
enzymatic activities of cellulase, amylase, and protease compared with L-eff cows. The results 
suggest that shifts in ruminal bacteria and digestive enzyme activities during the peripartum  
period could, at least in part, be a mechanism for better feed efficiency in dairy cows. 
 
INTRODUCTION 
Improving feed efficiency in dairy cows has become increasingly important for the dairy 
industry since feed expenses are the most costly component of dairy systems. Therefore, 
identifying and selecting for dairy cows that use feed efficiently, i.e. require less feed for 
maintenance and for the same level of milk production, provides opportunities for reducing 
production costs and maximizing the economic returns for dairy producers. Residual feed intake 
(RFI) has been used in dairy cows to define feed efficiency independent of body size and milk 
production level (Rathbun et al., 2017; Shetty et al., 2017). Residual feed intake is calculated as 
the difference between the actual and the predicted feed consumption of individual dairy cows 
after adjusting the DMI for the level of production through a linear regression model (Xi et al., 
2016). Hence, M-eff dairy cows, i.e. with a negative RFI, consume less feed than expected for 
their production level compared with L-eff dairy cows having a positive RFI (Potts et al., 2017).  
Phenotypic variation in RFI between individual animals is directly related to variation in 
feed digestion, efficiency of nutrient use, and microbial protein production, all of which take 
place in the rumen, suggesting a vital role for the rumen in improving feed efficiency (Herd and 
Arthur, 2009). The rumen harbors a complex anaerobic microbial community, mainly bacteria, 
capable of producing various biopolymer hydrolyzing enzymes (e.g., amylase, xylanase, 
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cellulase, and protease) that convert low-quality feed consumed into energy- and protein-rich 
compounds for the host (Pitta et al., 2014). Production of VFA and microbial protein can supply 
the ruminant with 70% and 50% of its daily energy and protein requirements, respectively 
(Yeoman and White, 2014).  
To the best of our knowledge, the only available study on the association between rumen 
bacteria and RFI phenotypes in lactating dairy cows was conducted by Jewell et al. (2015) who 
observed that ruminal bacteria profiles in M-eff lactating dairy cows differed from the L-eff 
ones; for example, over the course of two lactations, the higher abundance of bacterial genera 
Anaerovibrio and Butyrivibrio were associated with L-eff cows. That study only focused on 
profiling the composition of rumen bacterial community between M-eff and L-eff lactating dairy 
cows and did not provide information on the microbial enzyme activities in the rumen between 
the two RFI phenotypes. Therefore, it is reasonable to hypothesize that shifts in bacterial 
composition could be accompanied by changes in major microbial enzyme activities and impact 
RFI phenotypes. 
The “peripartum ” period in dairy cows is characterized by a marked negative energy and 
metabolizable protein balance at least in part due to the decrease in voluntary DMI and the high 
requirements for nutrients by the fetus and lactating mammary gland. Therefore, the peripartum  
period is challenging for dairy cows resulting in higher susceptibility for developing metabolic 
disorders (Bertoni et al., 2008; Trevisi et al., 2012; Batistel et al., 2017c). Current nutritional 
management of peripartum  cows encompasses the feeding of higher-concentrate diets 
postcalving to provide the rumen bacterial communities with a more readily-available source of 
energy. As a result, bacterial composition in the rumen changes relative to the dry period (Minuti 
et al., 2015; Derakhshani et al., 2016; Scharen et al., 2017). Although various studies were 
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recently conducted to evaluate shifts in rumen bacterial communities during the peripartum  
period in dairy cows, little attention has been given to changes in microbial enzyme activities. 
Clearly, it is possible that changes in the bacterial community composition of the rumen during 
the peripartum  period may contribute to differences in the major biopolymer hydrolyzing 
enzyme activities. 
The current study aimed to evaluate abundance of selected ruminal bacterial species and 
activities of enzymes associated with protein and carbohydrate metabolism between cows 
classified as M-eff (i.e., with negative RFI) and L-eff (i.e., with positive RFI) using data 
collected from d -10 to d 60 relative to the calving date. An important goal was to determine 
potential linkages between RFI phenotype, ruminal microorganisms, digestive enzyme activities, 
and overall performance. 
 
MATERIALS AND METHODS 
All experimental procedures were approved by The Institutional Animal Care and Use 
Committee at the University of Illinois (protocol number 14270).  
Animals, Experimental Design, and Diets 
A subset of 20 multiparous Holstein cows from a larger cohort were used (Batistel et al., 
2017b). Before calving, cows were housed in a freestall barn equipped with electronic 
recognition feeding system for each cow (American Calan Inc., Northwood, NH), while cows 
were housed in a tie-stall system during lactation. Cows were fed individually a TMR and 
allowed free access to feed and water at all times. The ration was formulated to meet cow 
predicted requirements according to NRC (NRC, 2000). The feed ingredients for the close-up 
(from d -28 to calving), fresh (from 1 to 30 DIM), and high-producing (from 31 to 60 DIM) 
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TMR diets are shown in Table 3.1. Feed offered and refused were measured daily to calculate 
feed intake throughout the entire study. Weekly samples of the diets were collected to determine 
the DM content. Samples of the TMR and feed ingredients were stored frozen at −20°C and 
composited monthly for analyses of crude protein (AOAC International, 2000; method 990.03), 
NDF with heat-stable α-amylase and sodium sulfite (Van Soest et al., 1991), ADF (Van Soest et 
al., 1991), and ether extract (AOAC International, 2000; method 2003.05) by Cumberland Valley 
Analytical Services (Hagerstown, MD). The nutrient analysis of the diets is shown in Table 3.1. 
Body weight was recorded weekly during the entire feeding period.  
Sample Collection 
Cows were automatically milked 3 times daily, and individual milk production recorded 
daily. Consecutive morning, midday, and evening milk samples were collected once a week, and 
stored at 4°C for fat analysis by an infrared system (Dairy Lab Services, Dubuque, IA). The fat-
corrected milk (FCM) yield for each cow was calculated according to NRC (2001) equations.  
Although cannulation has been previously considered as the standard method  collection 
of a representative sample of ruminal contents (Nocek, 1997), performing surgical cannulations 
and its associated post-surgical costs limit its application in large groups of cows and often leads 
to reduced statistical power (Paz et al., 2016; Kim et al., 2017). The lack of significant 
differences in ruminal fermentation and microbiota composition between samples harvested via 
cannula or stomach tubing demonstrated that the latter is suitable for ruminal digesta sampling 
(Shen et al., 2012; Terre et al., 2013; Ramos-Morales et al., 2014; Paz et al., 2016). Therefore, 
stomach tubing was deemed suitable and allowed us to use a greater number of cows. Four-
hundred mL of mixed rumienal contents was collected from each cow 4 h postfeeding via 
stomach tubing at d -10 before expected calving date and at 10, 30, and 60 DIM. Ruminal 
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contents were immediately frozen in liquid nitrogen, transported to the laboratory and stored at 
−80°C for later analysis. 
Residual Feed Intake Calculation 
The RFI (kg/d) for the 20 cows used from the bigger cohort in the experiment of Batistel 
et al. (2017b) was calculated using individual data from the postpartum period between 1 and 30 
DIM. This number of cows gave us a complete set of samples across the chosen time points, i.e. 
for ruminal fluid and production. Thus, the calculated RFI for the 20 cows allowed us to divide 
them into two groups based on their divergent in feed efficiency: M-eff cows with desirable (i.e. 
more negative) RFI coefficient vs. L-eff cows with unfavorable (i.e. more positive) RFI 
coefficient. The RFI coefficients were computed as the difference between the actual and the 
predicted DMI, where the predicted DMI was computed through a linear regression model using 
the regression of actual DMI on FCM, metabolic BW, and ADG as described previously (Xi et 
al., 2016). The RFI coefficients for M-eff (n = 10) and L-eff (n = 10) cows are depicted in Fig. 
3.1a. 
Ruminal Bacteria DNA Extraction and RT-PCR Amplification  
The total genomic DNA was isolated using the repeated bead-beating plus column 
(RBB+C) purification method described by Yu and Morrison (Yu and Morrison, 2004) for 
mechanical lysis of bacterial cell wall employing the QIAamp DNA mini kit (QIAGEN) for 
DNA purification. This method has been applied in several hundred studies to extract a high 
yield microbial DNA from rumen contents (Kim et al., 2017). The DNA quantity and quality 
were checked using 0.8% (wt/v) agarose gel electrophoresis and NanoDrop spectrophotometer 
(ND 1000, NanoDrop Technologies, Inc., Wilmington, DE, USA) at 260 nm. Extracted DNA 
was standardized to 8 ng/μL for RT-PCR.  
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Primers were selected to amplify 10 major ruminal bacteria species that play key roles in 
cellulose and hemicellulose digestion, xylan degradation, proteolysis, propionate production, 
lactate utilization and ruminal biohydrogenation. The chosen primers along with 3 universal 
primers are listed in Table 3.2. A total of 10 μL of RT-PCR mixture contained 4 μL sample 
DNA, 5 μL 1X SYBR Green with ROX (Quanta BioSciences, Gaithersburg, MD, USA), 0.4 μL 
each of 10 μmol/L  forward and reverse primers, and 0.2 μL DNase/RNase free water in a 
MicroAmpTM Optical 384-Well Reaction Plate (Applied Biosystems, Foster City, CA, USA). 
Negative controls without template DNA, standards, and samples were run on the same plate in 
triplicate. The RT-PCR reactions were performed with QuantStudio-7 Real-Time PCR 
instrument (ThermoFisher Scientific, USA) using the following program: initial denaturation at 
95◦C for 5 min, followed by 40 cycles of 1 s at 95◦C and 30 s annealing at 60◦C.  A dissociation 
stage was performed to determine the specificity of the amplification. Relative abundance of 
bacterial species was calculated using the geometric mean of the universal primers eubacterial 
primer 1 and eubacterial primer 2 (Table 3.2) (Maeda et al., 2003; Fliegerova et al., 2014) with 
the efficiency-corrected Δ−CT method (Ramirez-Farias et al., 2009). The copy number of total 
bacterial 16S rRNA genes was measured to estimate the total bacterial population using RT-PCR 
analysis with eubacterial primer 3 (Table 3.2) (Muyzer et al., 1993) following the procedures 
described previously by Zhou et al. (2009). 
Enzyme Activities  
Details of ruminal enzymatic assays for determining amylase, xylanase, cellulase, and 






The MIXED procedure of SAS (SAS Institute Inc., Cary, NC) was used for repeated 
measures analysis of DMI, FCM, bacterial abundance, and enzyme activities. The fixed effects 
in the model were RFI and time (week or day), and the random effect was cow. Significance was 




The M-eff cows had lower (P = 0.04) DMI at wk 4, 6, 7, and 8 (average = 2.6 kg/d) (Fig. 
3.1b). Dry matter intake in both groups decreased (P < 0.01) from -4 wk to calving but 
progressively increased (P < 0.01) postpartum. No differences (P = 0.37) between RFI groups 
were observed for FCM (Fig. 3.1c). A RFI × week (P = 0.02) was observed for FCM yield due to 
a greater increase (P < 0.01) in M-eff cows at wk 3. Both groups of cows increased FCM yield 
(P < 0.01) after calving. 
Relative Abundance of Bacteria 
The relative abundance of target ruminal bacteria species between M-eff and L-eff cows 
during the peripartum  period are depicted in Fig. 3.2. Results indicate that Selenomonas 
ruminantium was the most-abundant bacteria among the 10 analyzed, averaging 0.8% of 16S 
rRNA copy number. There were no RFI, day or RFI × day effects observed for abundance of 
Anaerovibrio lipolytica. A RFI × week interaction (P = 0.04) was observed for Succinivibrio 
dextrinosolvens due to a greater relative abundance in M-eff compared with L-eff cows of ~6-
fold at d -10 and ~4-fold at d 10. Similarly, M-eff cows tended (P = 0.09) to have a greater 
overall abundance of Fibrobacter succinogenes and Megaspheara elsdenii, whereas a tendency 
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(P = 0.08) for RFI × day interaction in the abundance of Fibrobacter succinogenes was due to 
greater levels of Fibrobacter succinogenes in M-eff cows at all days except d 30. There was no 
RFI × day (P = 0.48) effect for Megaspheara elsdenii.  
Compared with L-eff cows, the abundance of Butyrivibrio proteoclasticus and 
Streptococcus bovis was lower (P = 0.02) in M-eff cows during the peripartum  period. In 
addition, M-eff cows had lower (P < 0.01) overall abundance of Eubacterium ruminantium only 
at -10 d. In addition, M-eff cows tended to have a lower abundance of Succinimonas amylolytica 
(P = 0.08) and Prevotella bryantii (P = 0.09) during the peripartum  period. A tendency for a RFI 
× day (P = 0.09) effect in Succinimonas amylolytica was due to M-eff cows having a greater 
relative abundance at d -10 followed by a decrease at d 30 and d 60 postpartum in both RFI 
groups. No RFI × day interaction (P = 0.30) was observed for Prevotella bryantii.  
Several shifts in the bacterial populations were observed over time. For example, the 
relative abundance of Eubacterium ruminantium, Prevotella bryantii, Selenomonas ruminantium, 
and Streptococcus bovis was higher (P < 0.01) in both RFI groups after parturition. In contrast, 
Megaspheara elsdenii abundance decreased (P < 0.01) at d 60 compared with d 10 and d 30. The 
relative abundance of Succinimonas amylolytica was lower (P < 0.01) postpartum in both RFI 
groups while Succinivibrio dextrinosolvens was lower (P < 0.01) in M-eff group postpartum. 
Butyrivibrio proteoclasticus had low relative abundance (P = 0.04) at d 10 and d 30 postpartum, 
and abundance returned to prepartum values at d 60. 
The 16S rRNA copy numbers of the total ruminal bacterial community detected in the 
present study are shown in Fig. 3.3. The results indicate that M-eff cows had a greater (P = 0.04) 
relative abundance of bacteria compared with L-eff cows. However, there was a tendency for an 
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RFI × day (P = 0.09) effect due to a greater bacterial community copy number in the rumen of 
M-eff cows at -10 and 60 d, and a lower bacterial community copy number in L-eff cows at d 10. 
Digestive Enzyme Activities 
The microbial enzyme activities in the rumen of M-eff and L-eff cows during the 
peripartum  period is shown in Fig. 3.4. Compared with L-eff cows, the results indicate that M-
eff cows had lower overall activities of cellulase (P = 0.04), amylase (P = 0.02), and protease (P 
< 0.01). In addition, M-eff cows had lower (RFI × day, P = 0.04) xylanase activity at d 30 
postpartum. No day or RFI × day effect (P > 0.10) was observed for amylase, cellulase, and 
protease activity. An RFI × day interaction for xylanase revealed that M-eff compared with L-eff 
cows had lower (P = 0.04) activity at d 30. The interaction effect was also due to lower activity 
at d 30 relative to other time points. 
 
DISCUSSION 
Although RFI calculations account for BW changes to determine individual feed 
efficiency independent of changes in BW during the feeding period, published RFI studies in 
dairy cows have been conducted during mid-lactation where minimal changes in BW occur 
(Tempelman et al., 2015). Therefore, exploring the physiological differences between M-eff and 
L-eff cows during the peripartum  period and early lactation when changes in the physiology and 
metabolism of the dairy cow affect DMI, BW, and FCM appears warranted in the context of 
assessing the usefulness of RFI-based selection and performance during negative energy and 
protein balance. 
The lack of overall effect of RFI on DMI between wk -4 to 3 relative to calving or on 
FCM during the first 60 DIM suggests that RFI per se was not associated with measures of 
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performance during a period when energy and protein balance are at a nadir. It could be possible 
that the metabolic and immune challenges cows experience during the peripartum  period (Zhou 
et al., 2016; Batistel et al., 2017c) exert some level of control on DMI in L-eff cows while M-eff 
cows are able to maintain or decrease DMI within a narrow margin such that marked differences 
among groups are difficult to detect statistically. The fact that M-eff compared with L-eff cows 
consumed on average 2.6 kg DMI/d less by week 4 postpartum indicates that once “stressors” 
(e.g. proinflammatory cytokines, plasma free fatty acids, hydroxybutyrate) were not impinging 
on the cow’s ability to achieve their efficiency potential, M-eff cows restored the ability to utilize 
feed more efficiently. Succinivibrio dextrinosolvens and Megaspheara elsdenii bacteria are 
involved in propionate production in the rumen (Bryant and Small, 1956; Fernando et al., 2010). 
It is well-known that propionate is vital for cow health and milk production since it serves as the 
main precursor for hepatic gluconeogenesis (Russell and Wilson, 1996). Therefore, although 
ruminal VFA concentration was not measured in this study, we speculate that the greater 
abundance of Succinivibrio dextrinosolvens and Megaspheara elsdenii in M-eff cows would 
increase ruminal propionate production and its availability to the animal for productive purposes. 
This idea is supported by previous data with mid-lactation dairy cows (Shabat et al., 2016) in 
which M-eff versus L-eff cows had greater concentrations of propionate and higher 
propionate:acetate ratio in ruminal fluid. Megaspheara elsdenii is also known for its ability to 
remove lactate from the rumen environment, thus, Megaspheara elsdenii plays a vital role in 
preventing lactic acidosis (Meissner et al., 2010). In contrast, Streptococcus bovis is a lactate 
producer, and can stimulate lactic acidosis with potential negative effects on the ruminal 
epithelium (Aslan et al., 1995). The tendency for M-eff cows to have greater relative abundance 
61 
 
of Megaspheara elsdenii and lower Streptococcus bovis from d -10 to d 60 relative to parturition 
suggests that M-eff cows would have been at a lower risk of developing acidosis.  
Fibrobacter succinogenes is equipped with various polysaccharide-degrading enzymes 
able to ferment cellulose primarily to succinic acid and to a lesser extent to acetic and formic 
acids, rendering this microorganism among the most-active and predominant bacteria involved in 
fiber degradation in the rumen (Ransom-Jones et al., 2012; Neumann et al., 2017). Thus, the 
tendency for greater abundance of this species in M-eff cows suggests that fiber digestion and 
feed utilization contribute to higher feed efficiency. This notion is further supported by data from 
recent studies (McDonnell et al., 2016; Bonilha et al., 2017a) indicating that M-eff bulls and 
heifers had higher NDF and DM digestibility compared with L-eff cattle.  
Butyrivibrio proteoclasticus is a fibrolytic bacterium able to breakdown xylan, and 
produce butyrate (Moon et al., 2008). Prevotella bryantii is a succinate producer that ferments 
hemicellulose, pectin, peptides, and amino acids (Ling and Armstead, 1995; Miyazaki et al., 
1997; Matsui et al., 2000), whereas Succinimonas amylolytica can ferment α-linked glucose 
molecules such as maltose, dextrin, and starch (Li et al., 2014). Thus, the lower abundance of 
Butyrivibrio proteoclasticus, Prevotella bryantii, and Succinimonas amylolytica coupled with 
greater abundance of propionate producers such as Succinivibrio dextrinosolvens and 
Megaspheara elsdenii in M-eff cows around parturition seems to support the notion that these 
cows were able to shift the ruminal fermentation pathways in a way that enhanced the production 
of glucogenic precursors and reduced dietary energy losses. The overall greater relative 
abundance of Eubacterium ruminantium, Megaspheara elsdenii, Prevotella bryantii, 
Selenomonas ruminantium, and Streptococcus bovis after parturition in both RFI groups could be 
62 
 
explained in part by the gradual increase in DMI and the switch from a higher-forage diet 
prepartum to a higher-concentrate diet postpartum (Fernando et al., 2010; Minuti et al., 2015). 
The fact that there was a greater total copy number of the 16S rRNA gene, an indicator of 
total bacterial density in the rumen, in M-eff cows at d -10 compared with postpartum times 
indicated that bacterial species other than the 10 evaluated likely proliferated in M-eff cows 
before calving. It is possible that such changes contributed to the improved feed efficiency, e.g., 
enhancing ruminal fermentation and fiber digestibility. This speculation is in line with recent 
findings reported by Bonilha et al. (2017), who detected greater NDF and DM digestibility in M-
eff bulls. It is also possible that the greater population of total ruminal bacteria observed in M-eff 
cows would have increased the production and outflow of total microbial mass from the rumen 
to the small intestine, allowing greater availability of amino acids for absorption and utilization, 
despite the lower DMI. This idea is supported by previous work demonstrating that stimulating 
bacterial growth in the rumen increases microbial protein synthesis (Clark et al., 1992; Phesatcha 
and Wanapat, 2017).  
The lower activity of amylase, cellulase, and protease in M-eff cows from d -10 to d 60 
around parturition could be taken as indication that digestive function in the rumen might have 
been curtailed. However, several studies reported that M-eff beef bulls and heifers had greater 
digestibility of dry matter, organic matter, NDF, protein, and total digestible nutrients 
(McDonnell et al., 2016; Bonilha et al., 2017a). This apparent discrepancy seems to suggest that 
microbial digestive enzymes per se may not reflect the actual capacity for feed digestion in M-eff 
cattle. However, the shifts in ruminal bacteria and digestive enzymes observed in M-eff cows in 
the current study could be associated with the reduction in feed intake because decreasing DMI 
would slow down the rumen passage rate (Colucci et al., 1982), allowing more time for microbes 
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to degrade dietary fiber in the rumen which may explain the improvement in feed digestibility in 
M-eff beef cattle (McDonnell et al., 2016; Bonilha et al., 2017a). Some studies reported that 
decreasing rumen passage rate is associated with increased energy costs of maintenance for 
rumen microbes (Sniffen and Robinson, 1987; Firkins, 1996), hence, potentially decreasing the 
production of digestive enzymes.  
 
CONCLUSIONS 
Results indicate that better feed efficiency in dairy cows after calving could be attributed, 
at least in part, to shifts in ruminal bacteria and digestive enzyme activities during the peripartum  
period and early lactation. Future studies on the association between ruminal parameters such as 
feed retention time, passage rate, and microbial metabolic functions in cows divergent for RFI 
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Table 3.1. Ingredient composition and nutrient analysis of close-up (from d -28 to parturition), 
fresh (from 1 to 30 DIM), and high-producing (from 31 to 60 DIM) diets 
 
Item Close-up Fresh High-producing 
Ingredient composition, % of DM    
   Alfalfa haylage 6.55 7.81 10.8 
   Corn silage 26.6 31.0 31.9 
   Wheat straw 26.5 3.25 — 
   Corn grain, ground, dry 12.6 22.21 20.7 
   Cottonseed — 2.17 1.83 
   Molasses, beet sugar 4.03 5.50 4.51 
   Soybean hulls 3.46 4.25 9.96 
   Soybean meal, 48% CP 7.83 10.1 7.98 
   Expeller soybean meal 5.80 5.16 5.17 
   Protein supplement1 0.78 1.81 1.58 
   Urea 0.59 0.39 0.40 
   Soychlor 1.23 — — 
   Saturated fat supplement2 — 2.25 2.14 
   Limestone — 1.41 0.96 
   Salt — 0.02 0.04 
   Dicalcium phosphate 0.52 1.17 0.92 
   Magnesium oxide — 0.08 0.04 
   Magnesium sulfate 2.08 0.02 — 
   Sodium bicarbonate — 0.84 0.59 
   Mineral vitamin mix3 0.17 0.17 0.20 
   Vitamin A4 0.03 0.02 0.02 
   Vitamin D5 0.03 — — 
   Vitamin E6 0.60 — — 
   Biotin 0.70 0.42 0.32 
Nutrient analysis, % of DM    
   CP 15.6 ± 0.32 17.7 ± 0.36 17.4 ± 0.36 
   NDF 40.8 ± 0.68 29.2 ± 0.59 31.4 ± 0.62 
   ADF 27.5 ± 0.50 19.5 ± 0.38 21.5 ± 0.48 
   NFC 34.9 ± 0.81 41.4 ± 0.55 40.7 ± 0.54 
   Ether extract 2.32 ± 0.05 5.12 ± 0.14 5.13 ± 0.14 
1ProVAAl AADvantage, Perdue AgriBusiness (Salisbury, MD) 
2Energy Booster 100, Milk Specialties Global (Eden Prairie, MN) 
3Contained a minimum of 5% Mg, 10% S, 7.5% K, 2.0% Fe, 3.0% Zn, 3.0% Mn, 5,000 mg of Cu/kg, 250 
mg of I/kg, 40 mg of Co/kg, 150 mg of Se/kg, 2,200 kIU of vitamin A/kg, 660 kIU of vitamin D3/kg, and 
7,700 IU of vitamin E/kg 
4Contained 30,000 kIU/kg 
5Contained 5,000 kIU/kg 
6Contained 44,000 kIU/kg 
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Table 3.2. Species-specific primers for the quantification of selected rumen bacterial populations using a real-time qPCR assay 
 
Target bacterial species   Primer sequence (5` - 3`) Reference Efficiencya, % 




(Minuti et al., 2015) 96.06 




(Minuti et al., 2015) 100.00 




(Stevenson and Weimer, 2007) 106.08 




(Stevenson and Weimer, 2007) 100.67 




(Stevenson and Weimer, 2007) 101.35 




(Stevenson and Weimer, 2007) 105.03 




(Stevenson and Weimer, 2007) 97.91 




(Khafipour et al., 2009) 96.80 




(Stevenson and Weimer, 2007) 103.89 




(Khafipour et al., 2009) 96.80 




(Fliegerova et al., 2014) 95.26 




(Maeda et al., 2003) 95.30 
Eubacterial primer 3 F: CCTACGGGAGGCAGCAG (Muyzer et al., 1993) 99.30 
 R: ATTACCGCGGCTGCTGG   





Fig. 3.1. RFI coefficients (a), DMI (b), and fat-corrected milk (FCM) (c) in least-efficient (L-eff) 
and most-efficient (M-eff) multiparous Holstein dairy cows during the peripartum  period. 
Significant differences (P < 0.05 or P < 0.0001) between RFI groups are denoted with an 
asterisk, * or ***. a-eDifferent letters indicate differences due to the main effect of time (P < 
0.05) 
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Fig. 3.2. Relative abundance of 10 rumen bacterial species in least-efficient (L-eff) and most-efficient (M-eff) multiparous Holstein 
dairy cows during the peripartum  period. Significant differences (P < 0.05) between RFI groups at a given time point are denoted with 
an asterisk,*. a-cDifferent letters indicate differences due to the main effect of time (P < 0.05). Data were logit transformed to ensure 
normality of residuals 
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Fig. 3.3. 16S rRNA gene copy number of the total rumen bacterial community in rumen contents 
in least-efficient (L-eff) and most-efficient (M-eff) multiparous Holstein dairy cows during the 
peripartum  period. Significant differences (P < 0.05) between RFI groups at a given time point 
are denoted with an asterisk,*.abDifferent letters indicate differences due to the main effect of 
time (P < 0.05) 
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Fig. 3.4. Activities of amylase, xylanase, cellulase, and protease in rumen contents from least-
efficient (L-eff) and most-efficient (M-eff) multiparous Holstein dairy cows during the 
peripartum  period. Significant differences (P < 0.05) between RFI groups at a given time point 
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CHAPTER 4: RESIDUAL FEED INTAKE IN DAIRY COWS IS ASSOCIATED WITH 
DIFFERENCES IN KEY RUMINAL BACTERIA AND BIOPOLYMER 
HYDROLYZING ENZYMES BUT NOT HEPATIC DNA METHYLATION DURING 
THE PERIPARTUM  PERIOD AND EARLY LACTATION 
 
ABSTRACT 
Residual feed intake (RFI) in dairy cattle is a measure of feed efficiency independent of 
the level of milk production. The objective of this study was to evaluate differences in ruminal 
bacteria, biopolymer hydrolyzing enzyme activities, and hepatic DNA methylation between 
most feed-efficient (M-eff) and least feed-efficient (L-eff) dairy cows during the peripartum  
period and early lactation. One-hundred and eight multiparous Holstein dairy cows with ad 
libitum access to a total mixed ration (TMR) from d -28 to d +30 relative to the calving date 
were used. Cows were classified based on RFI divergence into L-eff (n=55) and M-eff (n=53) 
using a linear regression model involving dry matter intake (DMI), fat-corrected milk (FCM), 
changes in body weight (BW), and metabolic BW. No differencewas detected for prepartum 
DMI (P =0.19) whereas M-eff cows decreased (P <0.01) DMI during the postpartum period 
compared with L-eff cows. Ruminal bacteria results showed that M-eff cows increased (P 
<0.05) the abundance of fibrolytic bacteria (Rumicoccus flavefaciens, Ruminobacter 
amylophilus),  starch-degrading bacteria (Prevotella brevis), proteolytic bacteria 
(Ruminobacter amylophilus, Prevotella albensis, Prevotella ruminicola), propionate-producing 
bacteria (Succinivibrio dextrinosolvens, Megaspheara elsdenii, Ruminobacter amylophilus), 
and lactate-removing bacteria (Megaspheara elsdenii) whereas decreased lactate-producing 




difference (P =80) has been detected between M-eff and L-eff cows for hepatic DNA 
methylation at 30 days in milk (DIM). The results suggest that shifts in ruminal bacteria and 
digestive enzyme activities during the peripartum  period could, at least in part, be a 
mechanism for better feed efficiency in dairy cows whereas hepatic DNA methylation might 
not play a key role in superior feed efficiency in peripartum  dairy cows. 
 
INTRODUCTION 
Among several methods used to quantify feed efficiency, residual feed intake (RFI) was 
proposed by Koch et al. (1963) in the early 60’s. Recently, RFI has become a commonmeasure 
of feed efficiency in dairy cattle (DiGiacomo et al., 2018, Elolimy et al., 2018, Flay et al., 
2019). The RFI is defined as the difference between the actual and the predicted feed intake for 
maintenance and milk production after adjusting dry matter intake (DMI) for the level of milk 
production through a linear regression model (Xi et al., 2016b). Expected feed consumption is 
calculated as a function of changes in body weight (BW) and milk production (Potts et al., 
2017). The regression model distinguish which animals shift below (negative) or above 
(positive) the expected feed intake (Durunna et al., 2011). Therefore, most-efficient (M-eff) 
cows, i.e. with the desired negative RFI coefficient, consume less feed than expected for 
meeting their requirements for maintenance and milk production (Potts et al., 2017). The M-eff 
cows are biologically and economically efficient converting feed to milk , and have lower 
maintenance requirements without compromising the level of milk production when compared 
with the least-efficient (L-eff) cows having the unfavorable positive RFI coefficient (Gomes et 
al., 2012, Lawrence et al., 2013). The RFI is a reliable feed efficiency trait because it is 




RFI is highly repeatable between different type of diets (Potts et al., 2017) and over different 
stages of lactation (Connor et al., 2013). Therefore, selecting better feed-efficient dairy cows 
based on RFI divergence will not jeopardize milk production (Baker et al., 2006, Elolimy et al., 
2018).  
In a recent study, we found that M-eff dairy cows had 2.6 kg/d lower DMI between 4-8 
wk of lactation compared with L-eff cows whereas no differences between RFI groups were 
observed for fat corrected milk (FCM) yield during the first 8 wk of lactation (Elolimy et al., 
2018). This improvement in feed efficiency in M-eff cows, shown by maintaining FCM despite 
the lower DMI, was associated with shifts in ruminal bacteria in favor of maximizing fiber 
utilization and improving ruminal health in M-eff cows during peripartum  period and early 
lactation. (Elolimy et al., 2018) For example, M-eff group had greater capacity to enhance 
microbial fermentation, fiber degradation, and milk production through the proliferation of 
fibrolytic and propionate producing bacteria in the rumen such as Fibrobacter succinogenes, 
Succinivibrio dextrinosolvens, and Megaspheara elsdenii (Elolimy et al., 2018). In addition, 
M-eff cows would have been at a lower risk of developing ruminal acidosis because M-eff 
cows group had greater abundance of lactate removers (Megaspheara elsdenii) and lower 
abundance of lactate producers (Streptococcus bovis) during peripartum  period compared with 
L-eff cows (Elolimy et al., 2018). These changes in ruminal bacteria M-eff cows were 
associated a reduction in the activities of major digestive microbial enzymes in the rumen 
including amylase, cellulase, and protease, likely due to lower DMI in M-eff cows (Elolimy et 
al., 2018). Together, shifts in ruminal bacteria and its digestive enzymes rumen microbiome 




Epigenetics is the study of heritable changes in gene expression that are not caused by 
changes DNA sequence (Jin et al., 2011). Therefore, epigenetics would produce phenotypic 
variations without change in genotype (Peaston and Whitelaw, 2006). DNA methylation is one 
of the major epigenetic modification  that modulates growth and development in cattle through 
controlling of gene expression (Elolimy et al., 2019). Kong et al. (2016) found that M-eff 
Hereford x Angus beef steers upregulated DNA methylation in ruminal epithelium compared 
with L-eff steers. Therefore, DNA methylation may contribute to better feed efficiency in M-
eff beef cattle. Whether DNA methylation is associated with RFI divergence in dairy cows 
remains unclear.  
Most RFI studies in dairy cattle used limited number of animals (5 to 10 cows per 
group) to compare between M-eff and L-eff cows over a period of 60-95 d testing period on a 
feeding trail for calculating RFI coefficients (DiGiacomo et al., 2018, Elolimy et al., 2018, 
Olijhoek et al., 2018, Connor et al., 2019). It is well-established that increasing the number of 
cows, i.e. greater sample size, is a powerful approach to detect more effects in response to the 
experimental treatments (Krzywinski and Altman, 2013). In beef cattle, recent studies suggest 
that shortening the testing period in RFI studies to 42 d and increase the number of animals 
would improve RFI divergence because DMI is repeatable across different life stages in cattle 
including the growing or finishing periods (National Program for Genetic Improvement of 
Feed Efficiency in Beef, 2016, Manafiazar et al., 2017). Whether shortening the feeding period 
and involving a bigger cohort of cows would increase the ability to detect more differences 
between M-eff and L-eff dairy cows is largely unknown.  
Therefore, the objective of the current study was to evaluate the association between 




with major ruminal bacteria, ruminal digestive enzymes, and hepatic global DNA methylation. 
The ruminal bacteria included key species in cellulose digestion (Fibrobacter succinogenes, 
Eubacterium ruminantium, Rumicoccus albus, Rumicoccus flavefaciens) (Wang and 
McAllister, 2002, Kozakai et al., 2007, Koike and Kobayashi, 2009, Wu et al., 2017), 
hemicellulose breakdown (Prevotella bryantii) (Matsui et al., 2000), xylan degradation 
(Butyrivibrio proteoclasticus) (Moon et al., 2008), starch consumption (Succinimonas 
amylolytica, Streptococcus bovis, Succinovibrio dextrinosolvens, Butyrivibrio fibrisolvens, 
Prevotella brevis) (McAllister et al., 1990, Khafipour et al., 2009), lactate utilization 
(Megasphaera elsdenii, Selenomonas ruminantium) (Hungate, 1966, Chowdhury et al., 2015), 
ruminal biohydrogenation (Anaerovibrio lipolytica) (Zhu et al., 2017), and protein degradation 
(Prevotella albensis, Prevotella ruminicola, Ruminobacter amylophilus (Wallace et al., 1997, 
Wallace, 2004). The target ruminal enzymes contained amylase, xylanase, cellulase, and 
protease whereas DNA methylation has been evaluated in liver samples collected at 30 DIM.   
 
MATERIALS AND METHODS 
All experimental procedures were approved by The Institutional Animal Care and Use 
Committee at the University of Illinois (protocols number 14270 and 17168).  
Animals, Experimental Design, and Diets 
One-hundred and eight multiparous Holstein dairy cows were used for RFI evaluation. 
Before calving, cows were housed in a freestall barn equipped with electronic recognition 
feeding system for each cow (American Calan Inc., Northwood, NH, USA) whereas cows were 
housed in a tie-stall system during lactation. Cows were fed individually a total mixed ration 




meet cow predicted requirements according to NRC (NRC, 2000). The close-up (from d -28 to 
calving) and fresh (from 1 to 30 days in milk (DIM)) TMR diets were provided. Feed offered 
and refused were measured daily to calculate feed intake throughout the entire study. Body 
weight (BW) and body condition score (BCS) were recorded weekly during the entire feeding 
period.  
Sample Collection 
All cows (n=108) were automatically milked 3 times daily, and individual milk 
production recorded daily. Consecutive morning, midday, and evening milk samples were 
collected once a week, and stored at 4°C for fat analysis by an infrared system (Dairy Lab 
Services, Dubuque, IA, USA). The fat-corrected milk (FCM) yield for each cow was calculated 
according to NRC (2001) equations.  
Ruminal contents and liver samples were collected from a subgroup of cows ( = 48; L-
eff = 19 cows; M-eff = 29 cows) used from the bigger cohort of cows because this number of 
cows gave us a complete set of ruminal contents and liver samples across the chosen time 
points. Four-hundred mL of mixed ruminal contents was collected from each cow 4 h 
postfeeding via stomach tubing at d -30 and -15 before expected calving date and at 15 and 60 
DIM. Ruminal contents were immediately frozen in liquid nitrogen, transported to the 
laboratory and stored at −80°C for later analysis. The liver biopsy was obtained by using a 
Monoject Bone Marrow Biopsy Needle (Cardinal Health, Dublin, OH, USA). Lidocaine was 
injected over the biopsy site (up to 10 mL). An incision (~2 cm) was made through the skin 
and underlying fascia using a single-use sterile scalpel blade. The biopsy probe was passed 
through the muscle and peritoneum layers. The center portion of the probe was removed and an 




10cc syringe to create suction to collect liver samples. The probe was then removed and the 
liver sample was pushed out of the probe by pushing down on the plunger of the 10cc syringe. 
Liver samples are then rinsed with 0.01 M phosphate buffered saline to remove any blood. 
Liver samples were immediately frozen in liquid nitrogen, transported to the laboratory and 
stored at −80°C for later analysis. 
Residual Feed Intake Calculation 
The RFI (kg/d) for the bigger cohort of cows (n=108 cows) and for the subset of cows 
selected for rumen and liver sampling (n = 48 cows) was calculated using individual data from 
the postpartum period between 1 and 30 DIM. The calculated RFI for the 48 cows allowed us 
to divide them into two groups based on their divergent in feed efficiency: M-eff (n = 29) vs. 
L-eff (n = 19) cows. The RFI coefficients were computed as the difference between the actual 
and the predicted DMI, where the predicted DMI was computed through a linear regression 
model using the regression of actual DMI on FCM, metabolic BW, and ADG as described 
previously (Xi et al., 2016a). The RFI population distribution and RFI coefficients for the 
bigger cohort are depicted in Fig. 4.1a and Fig. 4.1b, respectively. The RFI population 
distribution and RFI coefficients for the subset of dairy cows used for rumen and liver 
sampling are depicted in Supp. Fig. C.1a and Supp. Fig. C.1b, respectively. 
Ruminal Bacteria DNA Extraction and RT-PCR Amplification  
The total genomic DNA was isolated from ruminal contents using DNeasy PowerSoil kit 
(Qiagen, Valencia, CA, USA) in accordance with manufacturer’s instructions. The DNA 
quantity and quality were checked using NanoDrop spectrophotometer (ND 1000, NanoDrop 
Technologies, Inc., Wilmington, DE, USA) at 260 nm and 0.8% (wt/v) agarose gel 




Primers were selected to amplify 17 major ruminal bacteria species that play key roles in 
cellulose and hemicellulose digestion, xylan degradation, proteolysis, propionate production, 
lactate utilization and ruminal biohydrogenation. The chosen primers along with 2 universal 
primers are listed in Table 4.1. A total of 10 μL of RT-PCR mixture contained 4 μL sample 
DNA, 5 μL 1X SYBR Green with ROX (Quanta BioSciences, Gaithersburg, MD, USA), 0.4 
μL each of 10 μmol/L  forward and reverse primers, and 0.2 μL DNase/RNase free water in a 
MicroAmpTM Optical 384-Well Reaction Plate (Applied Biosystems, Foster City, CA, USA). 
Negative controls without template DNA, standards, and samples were run on the same plate in 
triplicate. The RT-PCR reactions were performed with QuantStudio-7 Real-Time PCR 
instrument (ThermoFisher Scientific, USA) using the following program: initial denaturation at 
95◦C for 5 min, followed by 40 cycles of 1 s at 95◦C and 30 s annealing at 60◦C.  A 
dissociation stage was performed to determine the specificity of the amplification. Relative 
abundance of bacterial species was calculated using the geometric mean of the universal 
primers eubacterial primer 1 and eubacterial primer 2 (Table 4.1) (Maeda et al., 2003, 
Fliegerova et al., 2014) with the efficiency-corrected Δ−CT method (Ramirez-Farias et al., 
2009).  
Enzyme Activities and Hepatic Global DNA Methylation 
Enzymatic assays for determining amylase, xylanase, cellulase, and protease enzymatic 
activities in ruminal contents were performed using the procedures outlined by Elolimy et al. 
(2018). Global DNA 5-methylcytosine (5-mC) in liver samples was quantified using the 5-mC 
ELISA DNA kit (Zymo Research) in accordance with manufacturer’s instructions as described 







The MIXED procedure of SAS (SAS Institute Inc., Cary, NC) was used for repeated 
measures analysis of DMI, FCM, ruminal bacteria, and enzyme activities. The fixed effects in 
the model were RFI and time (week or day), and the random effect was cow. The 
UNIVARIATE procedure of SAS was used for hepatic global DNA methylation. Significance 
was determined at P ≤ 0.05, and tendencies were determined at P ≤ 0.10. 
 
RESULTS  
Data from the big cohort of cows revealed no difference (P = 0.19) between M-eff (n = 
53; RFI coefficient = -1.43 +/-0.15 kg dry matter/d) and L-eff (n = 55; RFI coefficient = -1.38 
+/-0.15 kg dry matter/d) dairy cows for DMI during the prepartum period as illustrated in Fig. 
4.2a. The M-eff cows had lower (P < 0.01) DMI during the postpartum period (Fig. 4.2b). No 
differences between RFI groups were observed for BW (P = 0.47; Fig. 4.3), BCS (P = 0.17; 
Fig. 4.3), milk yield (P = 0.73; Fig. 4.4), FCM (P = 0.57; Fig. 4.4), milk fat % (P = 0.54; Fig. 
4.5), and milk fat yield (P = 0.51; Fig. 4.5). RFI × week interaction (P = 0.04) was observed 
for FCM yield due to a greater increase (P < 0.05) in M-eff cows at 1,2, and 3 DIM, compared 
with L-eff cows (Fig. 4.4).  
The relative abundance of 17 target ruminal bacteria between M-eff and L-eff dairy 
cows during the peripartum  period are shown in Table 4.2. Results indicate that M-eff cows 
had greater Megaspheara elsdenii (P = 0.02), Selenomonas ruminantium (P = 0.03), 
Rumicoccus flavefaciens (P = 0.04), Ruminobacter amylophilus (P = 0.02), Prevotella albensis 




have greater Succinivibrio dextrinosolvens compared with L-eff cows (Table 4.2). RFI × week 
interaction was observed for Megaspheara elsdenii (P < 0.01) and Succinimonas amylolytica 
(P = 0.03) due to a greater relative abundance in M-eff compared with L-eff cows at d 15 and d 
-15, respectively (Table 4.2, Fig. 4.6). The M-eff cows had lower abundance of Butyrivibrio 
proteoclasticus (P = 0.03), Butyrivibrio fibrisolvens (P < 0.01), and Streptococcus bovis (P = 
0.01) than L-eff group during peripartum  period (Table 4.2). 
The microbial enzyme activities in the rumen in M-eff and L-eff cows during the 
peripartum period are shown in Fig. 4.7. Compared with L-eff group, the results indicate that 
M-eff cows had lower overall activities of amylase (P < 0.01) and cellulase (P = 0.05) (Fig. 
4.7). In addition, the M-eff cows tended to have lower (P = 0.07) protease activity (Fig. 4.7). 
No difference has been detected (P = 0.80) between M-eff and L-eff dairy cows for hepatic 
global DNA methylation at 30 DIM (Fig. 4.8). 
 
DISCUSSION 
The current RFI study used a big cohort of dairy cows (108 multiparous Holstein cows) 
to explore differences in DMI and milk production between M-eff (n=53) and L-eff  (n=53) 
cows during prepartum and early lactation periods. The present study showed that M-eff and L-
eff dairy cows had similar DMI during prepartum period which is reseambles our previous 
study that showed no difference between M-eff and L-eff dairy cattle in DMI during the last 4 
weeks of pregnancy (Elolimy et al., 2018). The fact that M-eff cows had lower DMI than L-eff 
group during the first 30 DIM agrees with our findings that M-eff cows decreased the 
postpartum DMI by 2.6 kg/d in M-eff cows over the first 60 DIM compared with their L-eff 




same level of milk production including milk yield, FCM, milk fat % and milk fat yield 
compared with L-eff group. These results support our previous findings that no change have 
been detected between M-eff and L-eff groups in FCM during the first 60 DIM (Elolimy et al., 
2018), suggesting that RFI divergence in dairy cows during peripartum period and early 
lactation is not associated with changes in milk production, however, M-eff cows had lower 
DMI than L-eff cows during the postpartum period.  
The current study revealed that M-eff cows enriched key bacteria contribute to better 
feed digestibility in cattle. For example, M-eff cows had greater fibrolytic bacteria such as 
Rumicoccus flavefaciens and Ruminobacter amylophilus in the rumen (Latham and Wolin, 
1977, Dehority, 2007), suggest better degradation for plant fibers in M-eff cows. In addition, 
Prevotella brevis, a starch-degrading bacterium (Matsui et al., 2000), increased in M-eff cows, 
likely improve starch breakdown in superior feed-efficient cows. Furthermore, M-eff cows 
stimulated the growth of proteolytic bacteria in the rumen such as Ruminobacter amylophilus, 
Prevotella albensis, and Prevotella ruminicola to facilitate plant protein degradation (Wallace 
et al., 1997, Wallace, 2004). The greater population of fibrolytic bacteria, starch-degrading 
bacteria, and proteolytic bacteria in M-eff cows could explain the better feed digestibility 
observed in M-eff beef cattle versus L-eff cattle reported by McDonnell et al. (2016) and 
Bonilha et al. (2017b). This adaptation in ruminal bacteria could be a key strategy for M-eff 
dairy cows to increase the supply of energy in order to maintain the same level of milk 
production despite the lower DMI in M-eff cows compared with L-eff cows. 
Succinivibrio dextrinosolvens, Megaspheara elsdenii, and Ruminobacter amylophilus 
bacteria are involved in propionate production in the rumen (Bryant and Small, 1956, Fernando 




milk production since it serves as the main precursor for hepatic gluconeogenesis (Russell and 
Wilson, 1996). Therefore, although ruminal VFA concentration was not measured in this 
study, the enrichment of propionate-producing bacteria (Succinivibrio dextrinosolvens, 
Megaspheara elsdenii, Ruminobacter amylophilus) in M-eff cows could increase ruminal 
propionate production and its availability  for milk production. This idea is supported by 
previous RFI studies in dairy cows showing thatM-eff versus L-eff cows increased the relative 
abundance of propionate-producing bacteria (Elolimy et al., 2018), and greater concentrations 
of propionate and higher propionate:acetate ratio in ruminal fluid during mid-lactation (Shabat 
et al., 2016). Butyrivibrio proteoclasticus is a butyrate-producing bacteria (Moon et al., 2008). 
The decline of Butyrivibrio proteoclasticus coupled with greater abundance of propionate 
producers such as Succinivibrio dextrinosolvens, Megaspheara elsdenii, and Ruminobacter 
amylophilus in M-eff cows seems to support the notion that these cows were able to shift the 
ruminal fermentation pathways in a way that enhanced the production of glucogenic precursors 
(propionate), lead to increase energy production required to maintain similar level of milk 
production as L-eff cows, however M-eff cows consume lower DMI than L-eff ones. 
Megaspheara elsdenii is also known for its ability to remove lactate from the rumen 
environment (Meissner et al., 2010). Therefore, Megaspheara elsdenii plays a vital role in 
preventing lactic acidosis. In contrast, Streptococcus bovis is a lactate producer, and can 
stimulate lactic acidosis with potential negative effects on the ruminal epithelium functions 
(Aslan et al., 1995). Thus, the enrichment of Megaspheara elsdenii and the decline of 
Streptococcus bovis in M-eff cows during peripartum and early lactation suggests that M-eff 
cows would have been at a lower risk of developing acidosis and maintain rumen health. These 




Megaspheara elsdenii and lower Streptococcus bovis than L-eff dairy cows during peripartum 
and early lactation (Elolimy et al., 2018). 
The reduction in ruminal amylase, cellulase, and protease activities in M-eff cows may 
indicate that digestion in the rumen might have been curtailed. However, several studies 
reported that M-eff beef bulls and heifers had greater digestibility of dry matter, organic 
matter, NDF, protein, and total digestible nutrients (McDonnell et al., 2016, Bonilha et al., 
2017a). This apparent discrepancy seems to suggest that microbial digestive enzymes per se 
might not reflect the actual capacity for feed digestion in M-eff cows. However, the reduction 
in the activities of major digestive enzymes observed in M-eff cows in the present study could 
be associated with the reduction in DMI in M-eff group because decreasing DMI would slow 
down the rumen passage rate (Colucci et al., 1982), allowing more time for microbes to 
degrade dietary fiber in the rumen which could explain the improvement in feed digestibility in 
M-eff beef cattle (McDonnell et al., 2016, Bonilha et al., 2017a). Some studies reported that 
decreasing rumen passage rate is associated with increased energy costs of maintenance for 
rumen microbes (Sniffen and Robinson, 1987, Firkins, 1996), hence, potentially decreasing the 
production of digestive enzymes. 
 
CONCLUSIONS 
 The present study showed that the involvement of a big cohort of dairy cows for RFI 
evaluation is a powerful tool to detect more differences between M-eff and L-eff dairy cows 
during 30 DIM. Results indicate that superior feed efficiency in dairy cows after calving could 
be attributed, at least in part, to the enrichment of key ruminal bacteria involved in fiber 




lower enzymatic activities for amylase, cellulase, and protease in M-eff vs. L-eff dairy cows. 
DNA methylation in liver during the peripartum  period and early lactation might not 






























TABLES AND FIGURES 
 
Table 4.1. Species-specific primers for the quantification of 17 targeted ruminal bacteria by quantitative PCR assay in least-efficient 
(L-eff; n = 19) and most-efficient (M-eff; n = 29) multiparous Holstein dairy cows during peripartum  period 
Target bacterial species   Primer sequence (5` - 3`) Reference qPCR efficiency1 (%) 




(Minuti et al., 2015) 98.17 




(Minuti et al., 2015) 100.68 




(Klieve et al., 2003) 95.31 




(Stevenson and Weimer, 2007) 100.02 




(Stevenson and Weimer, 2007) 104.04 




(Stevenson and Weimer, 2007) 97.70 




(Stevenson and Weimer, 2007) 104.36 




(Stevenson and Weimer, 2007) 96.25 




(Khafipour et al., 2009) 101.73 








Table 4.1. (Cont)     




(Khafipour et al., 2009) 99.95 




(Koike and Kobayashi, 2001) 103.25 




(Denman and McSweeney, 2006) 95.61 




(Stevenson and Weimer, 2007) 96.98 




(Khafipour et al., 2009) 103.33 




(Stevenson and Weimer, 2007) 101.25 




(Stevenson and Weimer, 2007) 97.37 




(Fliegerova et al., 2014) 97.96 




(Maeda et al., 2003) 102.35 
1Measured efficiencies of the primers in the qPCR reactions 
2F = forward primer 




Table 4.2. Relative abundance (%) of 17 targeted ruminal bacteria in ruminal contents in least-
efficient (L-eff; n = 19) and most-efficient (M-eff; n = 29) multiparous Holstein dairy cows 










Bacteria L-eff M-eff P-value 
   RFI Day RFI × Day 
Anaerovibrio lipolytica 1.42×10-1 1.44×10-1 0.97 <0.01 0.57 
Butyrivibrio proteoclasticus 2.00×10-1a 0.91×10-1b 0.03 <0.01 0.22 
Butyrivibrio fibrisolvens 2.70×10-4a 0.40×10-4b <0.01 0.97 0.38 
Eubacterium ruminantium 1.16×10-1 1.79×10-1 0.37 0.13 0.49 
Fibrobacter succinogenes 6.32×10-1 9.20×10-1 0.31 0.01 0.10 
Megaspheara elsdenii 0.30×10-4b 1.70×10-4a 0.02 <0.01 <0.01 
Prevotella bryantii 2.13×10-2 2.19×10-2 0.97 <0.01 0.07 
Selenomonas ruminantium 5.50×10-1b 11.81×10-1a 0.03 0.15 0.16 
Succinimonas amylolytica 8.43×10-3 14.82×10-3 0.31 <0.01 0.03 
Streptococcus bovis 2.80×10-4a 0.70×10-b 0.01 0.04 0.02 
Succinivibrio dextrinosolvens 4.483×10-2 9.64×10-2 0.07 0.01 0.51 
Rumicoccus albus 5.42×10-2 3.32×10-2 0.31 0.09 0.56 
Rumicoccus flavefaciens 7.88×10-3b 30.89×10-3a 0.04 <0.01 0.69 
Ruminobacter amylophilus 1.63×10-2b 8.27×10-2a 0.02 <0.01 0.41 
Prevotella albensis 1.56×10-3b 7.76×10-3a 0.04 <0.01 0.20 
Prevotella brevis 7.68×10-1 10.85×10-1 0.22 0.01 0.85 




Fig. 4.1. Residual feed intake (RFI) in least-efficient (L-eff; n = 55) and most-efficient (M-eff; 
n = 53) multiparous Holstein dairy cows during peripartum period. (a) RFI population 














Fig. 4.2. Dry matter intake (DMI) in least-efficient (L-eff; n = 19) and most-efficient (M-eff; n 














Fig. 4.3. Body weight and body condition score in least-efficient (L-eff; n = 19) and most-















Fig. 4.4. Milk yield and fat corrected milk in least-efficient (L-eff; n = 19) and most-efficient 















Fig. 4.5. Milk fat % and milk fat yield in least-efficient (L-eff; n = 19) and most-efficient (M-














Fig. 4.6. Significant residual feed intake (RFI) and day interactions (*P ≤ 0.05) on the relative 
abundance of ruminal bacteria in least-efficient (L-eff; n = 19) and most-efficient (M-eff; n = 







Fig. 4.7. Activities of amylase, xylanase, cellulase, and protease in ruminal contents in least-
efficient (L-eff; n = 19) and most-efficient (M-eff; n = 29) multiparous Holstein dairy cows 







Fig. 4.8. Hepatic DNA methylation in least-efficient (L-eff; n = 19) and most-efficient (M-eff; 
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CHAPTER 5: RESIDUAL FEED INTAKE DIVERGENCE DURING THE 
PREWEANING PERIOD IS ASSOCIATED WITH UNIQUE HINDGUT MICROBIOME 
AND METABOLOME PROFILES IN NEONATAL HOLESTEIN HEIFER CALVES 
 
ABSTRACT 
The objective of the current study was to determine differences in hindgut microbiome and 
metabolome in neonatal heifer calves retrospectively grouped based on feed efficiency as most 
feed-efficient (M-eff) or least feed-efficient (L-eff) heifer calves using residual feed intake (RFI) 
divergence during preweaning period. Twenty-six Holstein heifer calves received 3.8 L of first-
milking colostrum from the respective dam within 8 h after birth. Calves were housed in 
individual outdoor hutches bedded with straw, fed twice daily with a milk replacer, and had ad 
libitum access to a starter grain mix from birth to weaning at 42 d of age. Calves were classified 
into M-eff (n = 13; RFI coefficient = -5.72 +/-0.94 kg dry matter intake (DMI)/d) and L-eff (n = 
13; RFI coefficient = 5.61 +/-0.94 kg DMI/d) based on a linear regression model including the 
combined starter grain mix and milk replacer DMI, average daily gain (ADG), and metabolic 
body weight (MBW). A rectal swab was collected immediately at birth before colostrum feeding 
(i.e., d 0), and fecal samples at 14, 28, and 42 (prior to weaning) for microbiome and untargeted 
metabolome analyses using 16s rRNA gene sequencing and LC-MS. Microbiome data were 
analyzed with QIIME 2 platform, and metabolome data with MetaboAnalyst 4.0 pipeline. No 
differences in body measurements were detected between M-eff and L-eff calves at birth. M-eff 
heifers consumed less (P < 0.01) DMI between d 18 to d 42 of age, whereas no differences for 
ADG (P = 0.94), cumulative body weight gain (P = 0.94), or body measurements (P > 0.05) were 
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detected between groups. Microbiome and metabolome profiles through the first 42 d of age 
indicated greater hindgut capacity in M-eff heifers for the production of extra energy (butyrate 
and propionate) and essential nutrients (vitamins and amino acids). These might have helped M-
eff heifers maintain the same level of growth performance and development as L-eff heifers 
despite consuming less DM.  
 
INTRODUCTION 
In dairy farming systems, feed cost accounts for approximately 60% of production 
expenses (Ho et al., 2005). Therefore, identifying biological regulators of feed-efficiency in 
young dairy cattle would reduce feeding costs and maximize profit margins (Shetty et al., 2017). 
Residual feed intake (RFI) is the most widely-used measurement of feed efficiency in dairy cattle 
(Williams et al., 2011, Flay et al., 2019). The RFI is defined as the difference between actual and 
predicted feed intake, whereas predicted intake is calculated using a linear regression of actual 
intake on metabolic body weight (BW0.75) and average daily gain (ADG) (Koch et al., 1963). The 
most-efficient animals (M-eff) have actual intakes smaller than predicted resulting in negative 
RFI coefficients, whereas the opposite is true for least-efficient animals (L-eff). In a previous 
study involving 2,000 dairy heifer calves, compared with L-eff heifer calves, Macdonald et al. 
(2014) observed that M-eff heifer calves selected according to RFI ranking at 6 months of age 
maintained superior feed efficiency during the first lactation at 29 months of age. Clearly, 
identifying and selecting for M-eff heifers in early life could be a useful tool for reducing feeding 
costs and maximizing profit margins.   
Although the biological mechanisms driving RFI divergence are not fully understood, 
alterations in ruminal microbiome and metabolome profiles contribute to RFI variations among 
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adult dairy cows. For instance, M-eff cows had greater total bacterial density including 
fibrolytics (Fibrobacter succinogenes and Megaspheara elsdenii) around parturition (Elolimy et 
al., 2018), and abundance of bacterial genera Anaerovibrio and Butyrivibrio also was greater in 
established lactation (Jewell et al., 2015). Those data help explain how M-eff cattle achieve 
better rates of digestibility of dry matter, organic matter, and neutral detergent fiber (McDonnell 
et al., 2016, Bonilha et al., 2017). Other studies detected greater concentrations of energy-related 
metabolites in the rumen of M-eff cattle including butyrate and propionate (Shabat et al., 2016, 
Liang et al., 2017), suggesting a contribution of these microbial-derived compounds to energy 
metabolism and milk production (Quigley et al., 1991, Russell and Wilson, 1996). Unlike mature 
ruminants, neonatal calves have an undeveloped rumen until close to weaning. Therefore, 
undigested diet components reach the hindgut where microbial metabolism (Macfarlane and 
Englyst, 1986, Saulnier et al., 2009) produces numerous compounds such as volatile fatty acids 
(VFA), amino acids, and vitamins that help regulate neonatal growth and development (Thursby 
and Juge, 2017). Whether differences in hindgut microbiome and metabolome contribute to RFI 
divergence in dairy calves, as in mature cows, during the preweaning period remains largely 
unknown.   
The general hypothesis was that divergence in RFI during the preweaning period is 
associated with differences in hindgut microbiome and metabolome. The main objective of this 
study was to use fecal swabs at birth and fecal samples through weaning along with measures of 
growth and development to evaluate the potential role of the hindgut in determining feed 





MATERIALS AND METHODS 
The research protocol was approved by the Institutional Animal Care and Use Committee 
of the University of Illinois (protocol no. 14270). 
Enrolment Criteria and Management of Neonatal Heifers 
Immediately after parturition, newborn Holstein heifer calves were separated from their 
dams. Calves were kept in the experiment if they fulfilled all the following criteria described 
previously by Jacometo et al. (2016): (1) single heifer calf; (2) heifer calf birth weight >36 kg; 
(3) calving difficulty score <3; (4) dam first colostrum volume >3.8 L; and (5) dam first 
colostrum IgG content >50 mg /L. A subset of heifer calves (n = 26; body weight (BW) at birth = 
42.0 ± 4.8 kg, mean ± SD) were selected randomly for the current study. All heifer calves were 
managed in the same fashion during the first 6 weeks of life. At birth, the navel was disinfected 
with 7% tincture of iodine solution (First Priority Inc., Elgin, IL, USA), and calves were 
vaccinated with TSV II (Pfizer Inc., New York, NY, USA) via nostril application. Calves 
received 3.8 L of first-milking colostrum collected from their dams within 6 hours after birth. 
Heifers were housed in individual outdoor hutches bedded with straw, and fed twice daily 
(morning and afternoon) with a milk replacer (Advance Excelerate, Milk Specialties, 
Carpentersville, IL, USA; 28.5% CP, 15% fat) until 35 days of age. The nutrient composition 
and amino acid profiles of the milk replacer are reported in Suppl. Table D.3.  
At d 36, neonatal heifers were switched to once-daily milk replacer feeding in the 
morning until weaning (42 days of age). Calves received 4.54 kg/day of milk replacer mix (0.59 
kg of milk replacer in 3.95 L of water) from 1 to 10 days of age, 5.90 kg/day (0.77 kg of milk 
replacer in 5.13 L of water) from 11 to 20 days of age, 7.26 kg/day (0.94 kg of milk replacer in 
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6.32 L of water) from 21 to 35 days of age and 3.63 kg/day (0.47 kg of milk replacer in 3.16 L of 
water) from 36 to 42 days of age. From d 1 until 42 of life, neonatal heifers had ad libitum access 
to starter grain mix (Ampli-Calf Starter 20®; 19.9% crude protein (CP) and 13.5% nutral 
Detergent Fiber (NDF), Purina Animal Nutrition, Shoreview, MN, USA) fed at the morning. The 
nutrient composition and amino acid profiles of the starter grain mix are reported in Suppl. Table 
D.3. Starter intake was recorded daily until 42 days of age. Body measurements including body 
weight, hip height and width, wither height and body length were measured at day 0 (i.e., at birth 
before colostrum feeding), 7, 14, 21, 28, 35 and 42. Average daily gain (ADG) was calculated as 
final body weight (BW) at day 42 minus initial BW at birth divided by total number of days on 
trial (i.e. 42). Cumulative body weight gain (BWG) was calculated as BW at day 42 minus initial 
BW at birth. Average daily gain per week was calculated as final body weight (BW) at the end of 
the week minus initial BW at the beginning of the week divided by total number of days per 
week (i.e. 7) All calves remained clinically healthy during the study.  
Fecal Sampling and Storage 
Fecal samples at birth were obtained from each heifer before colostrum feeding using 
sterile double sheathed equine uterine culture swabs (EquiVet, Kruuse, Denmark) inserted 10 cm 
into the rectum. The swab was only exposed to the rectum. For fecal samples at day 14, 28 and 
42, calves were rectally finger-stimulated with a sterile-gloved hand to facilitate the collection of 
fresh feces that was subsequently placed in a sterile Whirl-Pak® bag (Nasco, Fort Atkinson, WI, 
USA). Fecal swabs and bags were immediately flash frozen in liquid nitrogen and stored at -




Residual Feed Intake Calculation 
The RFI was calculated using the PROC MIXED procedure of SAS procedure of SAS 
9.4 (SAS Institute Inc., Cary, NC, USA). An RFI coefficient was calculated for each individual 
heifer calf throughout the entire preweaning period from birth to 42 days of age, and assumed to 
represent the residuals from a multiple regression model regressing dry matter intake (DMI) on 
ADG and mid-test BW0.75 (MMW): predicted DMI = β0 + β1 × ADG + β2 × MMW + ɛ, in which 
β0 is the y-intercept, β1 is the partial regression coefficient of ADG, β2 is the partial regression 
coefficient of MMW, and ɛ is the error term. The RFI coefficient (kg DMI/d) for each individual 
heifer was then calculated as the difference between actual and predicted DMI (Basarab et al., 
2011). All heifers were ranked by RFI, allowing the formation of two groups based on 
divergence in RFI: L-eff group with an unfavorable (i.e. more positive) RFI coefficient (n = 13) 
and M-eff group with a desirable (i.e. more negative) RFI (n = 13). The distribution and overall 
RFI coefficients for L-eff and M-eff groups are depicted in Fig. 5.1a and Fig. 5.1b. 
Fecal DNA Extraction, 16S rRNA Gene Amplification and Sequencing  
Microbial DNA was extracted from fecal samples (single fecal swab or 100 mg feces 
from fecal bags) using DNeasy PowerSoil kit (Qiagen, Valencia, CA, USA) in accordance with 
manufacturer’s instructions. To track any contamination during the DNA extraction, 3 no-
template negative controls (i.e. samples without biological material) were processed to assess the 
presence of microbial contamination in the swabs and the extraction reagents. The negative 
controls were run through the entire workflow alongside samples for quality control. Total DNA 
concentration and integrity were evaluated using NanoDrop spectrophotometer (ND 1000, 
NanoDrop Technologies, Inc., Wilmington, DE, USA) and 2% (wt/v) agarose gel electrophoresis 
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(Sigma-Aldrich, Saint Louis, MO, USA) with SYBR Safe DNA Gel Stain (Invitrogen, Grand 
Island, NY, USA). The extracted DNA was immediately stored at -80 °C for further analysis. All 
DNA samples were quantified on a Qubit fluorometer (Life technologies, Grand Island, NY, 
USA) using High Sensitivity DNA Kit (Roche, Indianapolis, IN, USA) and 20x Access Array 
loading reagent as described by Zeineldin et al. (2018). Total metagenomic DNA was subjected 
to Fluidigm Access Array Amplification (Fluidigm Corporation, South San Francisco, CA, USA) 
for DNA amplification. The V3-V4 hyper-variable region of 16S rRNA gene was sequenced 
with the Illumina MiSeq V2 platform (Illumina, San Diego, CA, USA) to obtain paired-end 
reads of 250 bp. The data quality filters on the raw microbiome sequences were applied with 
Illumina software. Any reads found in the negative control were filtered out of the data analysis. 
Analysis of Amplicon Sequencing Data 
High quality 16S rRNA amplicon sequences were analyzed with open source 
Quantitative Insights into Microbial Ecology (QIIME) 2.0, which is the successor to the QIIME 
(Caporaso et al., 2010) microbiome analysis package. The reads were de-noised into amplicon 
sequence variants (ASVs) using DADA2 pipeline, an implemented tool available in QIIME 2.0 
(Callahan et al., 2016). Taxonomic classification of sequences was assigned to ASVs using the 
feature classifier against SILVA ribosomal RNA gene database (Quast et al., 2013). 
Bacterial alpha diversity, including Shannon, Chao1 and observed species indices per 
sample were calculated with QIIME 2.0. We visualized differences in beta-diversity with non-
metric multidimensional scaling (NMDS) plots, which were constructed using 
MicrobiomeAnalyst (Dhariwal et al., 2017). Hindgut microbiome profile was described for the 
most prevalent taxa using taxonomy plots generated in JMP 13.2 (SAS Institute Inc., Cary, NC, 
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USA). Cladogram of LEfSe analysis for overrepresented microbes between L-eff and M-eff 
groups was obtained through Galaxy workflow framework (Segata et al., 2011). The PICRUSt 
1.1.2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) 
pipeline (Langille et al., 2013) and STAMP 2.1.3 (Parks et al., 2014) were used to investigate 
and illustrate the alterations in microbial functions of hindgut microbiome associated with RFI 
divergence.  
Fecal Metabolite Extraction and LC-MS Analysis 
Free metabolites were extracted as described by Yu et al. (2017) with modifications. 
Fecal samples (single fecal swab or 100 mg feces from fecal bags) were dissolved in 1 mL ice 
cold purified water prepared using on a Milli-Q water purification system (Millipore Corp, 
Bedford, MA, USA). The mixture was vortexed and centrifuged at 10,000  g for 15 min at 4°C. 
Supernatant was collected and kept on ice, whereas the remaining fecal pellet was further 
extracted by adding 1 mL ice cold LC-MS grade methanol (Sigma-Aldrich, Steinheim, 
Germany). The mixture was vortexed and centrifuged at 10,000  g for 15 min at 4°C. 
Supernatant was collected and kept on ice. Both fecal supernatants were combined and 
centrifuged at 10,000  g for 15 min at 4°C. The resulting supernatant was collected and stored 
at -80 °C until LC–MS analysis. 
The samples were analyzed with Q-Exactive MS system (Thermo. Bremen, Germany) in 
Metabolomics Laboratory of Roy J. Carver Biotechnology Center, University of Illinois at 
Urbana-Champaign, USA. Software Xcalibur 4.1.31.9 was used for data acquisition. The Dionex 
Ultimate 3000 series HPLC system (Thermo, Germering, Germany) used includes a degasser, an 
autosampler and a binary pump. The LC separation was performed on a Phenomenex Kinetex 
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C18 column (4.6  100 mm, 2.6 μm) with mobile phase A (H2O with 0.1 % formic acid) and 
mobile phase B (acetonitrile with 0.1 % formic acid). The flow rate was 0.25 mL/min. The linear 
gradient was as follows: 0-3 min, 100% A; 20-30 min, 0% A; 31-36 min, 100% A. The 
autosampler was set to 15°C. The injection volume was 20 μL. Mass spectra were acquired 
under both positive (sheath gas flow rate: 45; aux gas flow rate: 11; sweep gas flow rate: 2; spray 
voltage: 3.5 kV; capillary temp: 250°C; Aux gas heater temp: 415°C) and negative electrospray 
ionization (sheath gas flow rate: 45; aux gas flow rate: 11; sweep gas flow rate: 2; spray voltage: 
-2.5 kV; capillary temp: 250°C; Aux gas heater temp: 415°C). The full scan mass spectrum 
resolution was set to 70,000 with scan range of m/z 67 ~ m/z 1,000, and AGC target was 1E6 
with a maximum injection time of 200 ms. The 4-Chloro-DL-phenylalanine was spiked into the 
sample as the internal standard. LC-MS data were further analyzed with Thermo Compound 
Discoverer software (v. 2.1 SP1) for chromatographic alignment and compound/feature 
identification/quantitation. The workflow is Untargeted Metabolomics with Statistics Detect 
Unknowns with ID Using Online Databases. The following settings were used in Select Spectra: 
minimum precursor mass (65 Da) and maximum precursor mass (5,000 Da); in Align Retention 
Time: Maximum shift (1 min) and Mass tolerance (5 ppm); in Detect unknown compounds: 
Mass tolerance (5 ppm), Intensity tolerance (30 %), S/N (3), and Minimum peak intensity 
(1000000).   
Metabolomics Data Processing  
Data visualization and statistical analyses for hindgut metabolome data were performed 
with MetaboAnalyst 4.0 (Chong et al., 2018). The raw data were checked for data integrity and 
normalized by sum and autoscaling in order to enhance the performance for downstream 
statistical analysis (Khan et al., 2018). Multivariate analysis was performed by the supervised 
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partial least squares discriminant analysis (PLS-DA) to visualize the metabolic profile 
dissimilarities between L-eff and M-eff groups in order to identify important metabolites 
separating the two groups and trends in upregulation or downregulation in M-eff group (Meloni 
et al., 2018). Metabolites most strongly influencing discrimination between M-eff and L-eff 
groups were selected according to their importance in differentiating the metabolic profiles based 
on the following criteria: variable importance in the projection (VIP) score >1.0 and |p-(corr)| ≥ 
0.5 with 95% jack-knifed confidence intervals (Yan et al., 2017). On the confidence level 3 of 
Metabolomics Standards Initiative, i.e. annotate metabolites against a single parameter such as 
molecular weight (MW) (Chaleckis et al., 2019), we annotated the differentially expressed 
metabolites according to the accurate MW by searching the exact MW against online Human 
Metabolome Database (HMDB) version 4.0 (Wishart et al., 2018) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database (Wu et al., 2018). The differentially expressed 
metabolites identified from the above approach were used to perform pathway enrichment 
analysis using MetaboAnalyst 4.0 to explore the upregulated and downregulated metabolic 
pathways in which the differential metabolites are involved in order to obtain an accurate insight 
into the underlying biology of the differentially expressed metabolites (Chong et al., 2018).  
Statistical Analysis 
The UNIVARIATE procedure of SAS 9.4 (SAS Institute Inc., Cary, NC, USA) was used 
for body measurements between L-eff and M-eff groups at birth, cumulative starter and milk 
replacer DMI and cumulative BWG. The MIXED procedure of SAS 9.4 was used for repeated 
measures analysis of body measurements, daily DMI and average daily gain (ADG) at d 14, 28 
and 42 of age. Both RFI groups and time (day or week) were considered as fixed factors in the 
model, and the random effect was calf. Comparison of bacterial alpha diversity indices in 
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hindgut microbial communities between L-eff and M-eff groups at birth was performed with the 
nonparametric Mann-Whitney unpaired t-test with JMP 13.2 (SAS Institute Inc., Cary, NC, 
USA). Permutational multivariate analysis of variance (PERMANOVA) utilizing a Bray-Curtis 
dissimilarity index (Anderson, 2001), a non-parametric multivariate analysis of variance was run 
in JMP 13.2 (SAS Institute Inc., Cary, NC, USA) to determine the differences in bacterial alpha 
diversity indices between the two RFI groups at d 14, 28 and 42. Linear discriminant analysis 
(LDA) effect size (LEfSe) analysis was used to identify the differential genera between L-eff and 
M-eff groups. Significance was determined at P ≤ 0.05. 
 
RESULTS 
Body Measurements and Growth Performance  
The difference in RFI coefficient between M-eff and L-eff was 11.32 kg starter DMI/d 
(Fig. 5.1a and Fig. 5.1b). No differences in body measurements at birth were detected (Fig. 5.2). 
). During the preweaning period, M-eff heifers consumed less (P < 0.01) DMI between d 18 to d 
42 (Fig. 5.3a and Fig. 5.3b), whereas no differences (P > 0.05) for ADG, cumulative BWG, or 
body measurements were observed between RFI groups during the preweaning period (Fig. 5.3c, 
Fig. 5.3d, and Fig. 5.4).  
Hindgut Microbiome at Birth 
            Despite a lack of difference in beta diversity of microbial communities (ANalysis Of 
SIMilarity (ANOSIM); P = 0.20) between groups at birth detected with the NMDS approach 
(Fig. 5.5a and Suppl. Fig. D.1), which was further confirmed by Shannon (P = 0.14), the Chao 1 
(P = 0.06) and observed species (P = 0.06) diversity indices (Fig. 5.5b) along with the LeFSe 
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analysis (Fig. 5.5c) revealed shifts in hindgut microbiome communities at birth. For example, M-
eff heifers had greater abundance (P ≤ 0.05 and LDA cutoff >2.0) of Curtobacterium but lower 
(P ≤ 0.05 and LDA cutoff >2.0) Kineococcus, Odoribacter, Marinifilaceae, Fimbriimonadaceae, 
PrevotellaceaeUCG_004, Gastranaerophilales, Clostridiales, Acetitomaculum, 
LachnospiraceaeUCG_010, Tyzzerella, Paeniclostridium, Ruminiclostridium_9, 
RuminococcaceaeUCG_01, Gemmobacter, and Rickettsiales (Fig. 5.5c). In addition, the M-eff 
microbiome had greater number of functional genes (P ≤0.05) involved in fatty acid biosynthesis 
(Fig. 5.5d).  
Hindgut Microbiome during the Preweaning Period 
             The NMDS plot revealed no differences at the beta diversity level (ANOSIM; P = 0.55) 
between M-eff and L-eff heifers at day 14, 28 and 42 of age (Fig. 5.6a and Suppl. Fig. D.2). 
These results were further confirmed by the lack of differences via Shannon (P = 0.50), Chao 1 
(P = 0.33) and observed species (P = 0.33) diversity indices at any tested time-point (Fig. 5.6b). 
In addition, alpha diversity indices did not reveal interactions of RFI divergence and time (P > 
0.05) (Fig. 5.6b). The LeFSe analysis of microbial taxa (Fig. 5.6c) revealed shifts in the postnatal 
microbiome communities in response to RFI divergence. For example, M-eff heifers had greater 
abundance (P ≤ 0.05 and LDA cutoff >2.0) of Olsenella, Coriobacrteriales, Bacteroides, 
Bacteroidaceae, Eubacteriaceae, Clostridiales, Blautia, Dorea, GCA-900066575, 
Lachnospiraceae NK3A20, Oribacterium, Syntrophococcus, Ruminococcus, Lachnospiraceae, 
Butyricicoccus, Faecalibacterium, Negativibacillus, Acidaminococcus, Acidaminococcaceae, 
Fusobacterium, Fusobacteriaceae, Fusobacteriales, Succinivibrio, Aeromonadales, 
unculturebacterium, EMP_G18, but lower (P ≤ 0.05 and LDA cutoff >2.0) 
CandidatusSoleaferrea, Fournierella, Treponema, and Spirochaetales (Fig. 5.6c).  
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The M-eff microbiome had greater number of functional genes (P ≤0.05 and LDA cutoff 
>2.0) involved in bisphenol degradation, linoleic acid metabolism, naphthalene degradation, 
primary bile acid biosynthesis, chloroalkane and chloroalkene degradation, transcription related 
proteins, tyrosine metabolism, glycolysis/gluconeogenesis, secondary bile acid biosynthesis, 
phenylpropanoid biosynthesis, selenocompound metabolism, bacterial toxins, styrene 
degradation (Fig. 5.6d). In contrast, M-eff microbiome had lower number of functional genes (P 
≤0.05 and LDA cutoff >2.0) for novobiocin biosynthesis, glycine, serine and threonine 
metabolism, pantothenate and CoA biosynthesis, C5-branched dibasic acid metabolism, vitamin 
B6 metabolism, amino acid related enzymes, glycan biosynthesis and metabolism, valine, 
leucine and isoleucine biosynthesis, proteasome, translation proteins, protein processing in 
endoplasmic reticulum, and D-arginine and D-ornithine metabolism (Fig. 5.6d). 
Hindgut Metabolome at Birth 
The PLS-DA plot of metabolomics data revealed a clear separation between M-eff and L-
eff newborn heifers at birth (Fig. 5.7a). A total of 30 differentially abundant metabolites were 
identified and annotated (Suppl. Fig. D.3, Suppl. Fig. D.4, and Suppl. Table D.1). The 
upregulated metabolites in M-eff (Suppl. Fig. D3 and Suppl. Table D.1) were associated with 
induction (P ≤0.05) of multiple pathways (Fig. 5.7b) including citric acid cycle, biotin 
metabolism, amino acid metabolism, arachidonic acid metabolism, transfer of acetyl groups into 
mitochondria, purine metabolism, carbohydrate metabolism, and fatty acid biosynthesis. 
Whereas, the downregulated metabolites in M-eff (Suppl. Fig. D.4 and Suppl. Table D.1) were 
associated with downregulation (P ≤0.05) of pathways (Fig. 5.7c) such as folate metabolism, 
amino sugar metabolism, sphingolipid metabolism, steroidogenesis, and bile acid biosynthesis. 
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Hindgut Metabolome during the Preweaning Period 
The PLS-DA plot underscored differences in hindgut metabolite profiles between M-eff 
and L-eff neonatal heifers during the preweaning period (Fig. 5.8a). A total of 30 differentially 
abundant metabolites were identified and annotated (Suppl. Fig. D.5, Suppl. Fig. D.6, and Suppl. 
Table D.2). The upregulated metabolites in M-eff (Suppl. Fig. D.5 and Suppl. Table D.2) 
induced (P ≤0.05) of multiple biological pathways (Fig. 5.8b) including several associated with 
nitrogen and amino acid metabolism, energy metabolism, lipid metabolism, purine metabolism, 
and water-soluble vitamin metabolism. Whereas, downregulated metabolites in M-eff (Suppl. 
Fig. D.6 and Suppl. Table D.2) (P ≤0.05) included pathways (Fig. 5.8c) such as androstenedione 
metabolism, galactose metabolism, steroid biosynthesis, and bile acid biosynthesis. 
 
DISCUSSION 
Growth Performance and Development  
Previous studies with dairy heifers revealed that RFI divergence between postweaned 
growing heifers (i.e., M-eff vs. L-eff heifers) is maintained during the first lactation (Macdonald 
et al., 2014, Pryce et al., 2015). Thus, understanding the biologic differences between M-eff and 
L-eff heifer calves during the preweaning period is warranted. The present study revealed that 
during the preweaning period M-eff heifers consumed 17.1% less starter DM from birth to 
weaning (10.90 ± 1.66 vs. 19.98 ± 1.66), while maintaining similar growth performance and 
development compared with L-eff calves. These results are in line with other studies in dairy 
calves indicating that the RFI trait is independent of growth performance (Sharma et al., 2014, 
Subhashchandra Bose et al., 2014). 
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Hindgut microbiome and metabolome at birth 
Energy supply. The present study demonstrated that RFI divergence in newborn dairy 
heifers is associated with remarkable changes in hindgut microbiome and metabolome. For 
instance, the greater abundance of Curtobacterium (Gram-positive) would have enhanced 
degradation of complex carbohydrates such as cellulose and xylan in M-eff newborn heifers 
(Malele et al., 2018), thus, potentially enhancing the supply of energy to the calf. This idea is 
supported in part by the enrichment of metabolites in energy-generating pathways such as citric 
acid cycle, gluconeogenesis, biotin metabolism, pyruvate metabolism, fructose and mannose 
degradation, and nicotinate and nicotinamide metabolism (Akram, 2014, Vailati-Riboni et al., 
2016, Lin et al., 2018). Furthermore, the induction of metabolic pathways for amino acid 
(alanine metabolism), vitamin (biotin metabolism) and fatty acid (arachidonic acid metabolism) 
metabolism at birth in M-eff calves also could have benefitted hindgut development and function 
during the preweaning period (Saunders et al., 2017, Tallima and El Ridi, 2017, Leon-Del-Rio, 
2019). Overall, these data suggest that the metabolic capacity of the hindgut microbiome at birth 
is important in the context of feed efficiency in early life (Wang et al., 2017). Although the 
present study cannot discern whether the host would have used the metabolites identified, it can 
be envisioned, for example, that availability of essential nutrients to colonocytes when the 
“ideal” microbiome profile is established is one factor allowing the animal to achieve optimal 
rates of growth per unit of feed consumed. 
Pathogenic bacteria. The fact that hindgut in M-eff heifers at birth had lower abundance 
of pathogenic bacteria typically associated with human diseases such as Tyzzerella, Odoribacter, 
Cyanobacteria, Ruminiclostridium_9, Prevotellaceae_UCG-001, and Eubacterium nodatum, is 
surprising. For example, Tyzzerella increased in the intestine of gastric cancer and cardiovascular 
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disease patients (Kelly et al., 2016, Qi et al., 2019). Odoribacter and Cyanobacteria is positively 
associated with stress in mice and pigs (Shao et al., 2017, Li et al., 2018b). Ruminiclostridium_9 
increased in obese rodents (Wang et al., 2019). Prevotellaceae_UCG-001 is a well-known 
bacteria degrading mucus oligosaccharides in the intestine, leading to smaller mucin layer and 
onset of intestinal inflammation in rodents (Brinkman et al., 2011). Previous studies have also 
reported that Eubacterium nodatum are enriched in oral inflammation (Haffajee et al., 2008, 
Lopez et al., 2011). Together, the potential increase in nutrient supply to colonocytes and the 
decrease in number of harmful bacteria in the hindgut of M-eff newborn heifers could have 
resulted in better hindgut functionality.  
The early colonization of hindgut with commensal bacteria in newborn heifers is 
important to induce maturation of metabolic and immune functions and enhance overall health 
(Gomez et al., 2017). Furthermore, beneficial hindgut bacteria in calves limit the colonization of 
pathogenic bacteria (Kamada et al., 2013). Although it has been historically thought that the 
fetus grows in a germ-free womb (Welly et al., 2016), recent studies have detected microbial 
communities in the first fecal samples collected from newborn calves (Alipour et al., 2018). 
These findings suggest that the colonization of hindgut microbes in newborn heifers might start 
in utero via prenatal dam-to-fetus transmission of commensal bacteria through placental layers 
(Funkhouser and Bordenstein, 2013). In support of this notion, Moore et al. (2017) detected 
bacteria in placental tissue in healthy dairy cows. Therefore, the detection of beneficial bacterial 
communities in the hindgut of M-eff newborn heifers in the present study suggests that superior 
feed efficiency could be attributed, at least in part, to the dam-to-fetus efflux of commensal 




Hindgut Microbiome and Metabolome during the Preweaning Period 
Energy Supply. The greater abundance of carbohydrate-fermenting bacteria (i.e., 
Fusobacteria, Blautia, Lachnospiraceae, Coriobacteriales, Olsenella, Proteobacteria, 
Succinivibrio, Bacteroides, and Syntrophococcus) during the preweaning period in M-eff heifers 
suggests a better capacity for utilizing complex carbohydrates reaching the hindgut such as 
cellulose, hemicellulose, resistant starch, and xylan (Gupta et al., 2017, Zhang et al., 2017, Dias 
et al., 2018). This result is supported by previous studies in which digestibility of dry matter, 
organic matter, fiber, protein, and total digestible nutrients was greater in M-eff heifers 
(McDonnell et al., 2016). These bacteria can also enhance colonocyte growth and function 
through the production of VFA. For instance, Fusobacteria, Faecalibacterium, Blautia, 
Lachnospiraceae, and Butyricicoccus are butyrate-producing bacteria (Foditsch et al., 2014, He 
et al., 2018, Iida et al., 2019). Butyrate is the major energy substrate for colonocytes, and 
provides many benefits to heifer calves such as improved epithelial tight junctions and reduced 
inflammatory status (Khan et al., 2012, Oikonomou et al., 2013). Blautia and Succinivibrio 
produce propionate which competes with methanogens for H2 (Denman and McSweeney, 2015), 
leading to less enteric methane production in M-eff buffalo heifers (Sharma et al., 2018). 
Absorption of propionate by colonocytes would provide a key hepatic gluconeogenic precursor 
to heifers, hence, indirectly increasing the supply of glucose from what is absorbed from the 
small intestine (Xue et al., 2019).  
Although hindgut VFA concentrations were not assessed in the current study, previous 
data revealed that M-eff adult dairy cows at mid-lactation had greater propionate and 
propionate:acetate ratio in the rumen (Shabat et al., 2016). Therefore, we speculate that greater 
abundance of VFA-producing bacteria in M-eff heifers would not only benefit colonocytes but 
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also liver metabolism. The greater number of altered microbial genes across metabolic pathways 
involved in energy metabolism including citric acid cycle (Williams and O’Neill, 2018), 
pyruvate metabolism (McCommis and Finck, 2015), glycolysis/gluconeogenesis (Han et al., 
2016), malate-aspartate shuttle (Yellen, 2018), transfer of acetyl groups into mitochondria 
(Ronowska et al., 2018), mitochondrial electron transport chain (Guo et al., 2018), and fatty acid 
biosynthesis (Demidenko et al., 2017) in M-eff heifers underscored the enhanced metabolic 
capacity of the microbiome.  
Vitamin Supply. Our results revealed that M-eff heifers upregulated the metabolism of 
important vitamins such as biotin (vitamin B7), vitamin B6, and folate (vitamin B9). Cattle 
cannot synthesize biotin, therefore, they rely on ruminal and hindgut bacteria (Hayashi et al., 
2017). Biotin is an important cofactor for metabolic reactions such as glucose, amino acid and 
fatty acid metabolism (Rodriguez-Melendez and Zempleni, 2003). Biotin also regulates 
important functions such as cell signaling and mucosal immune responses (Jenkins et al., 2017). 
Through the upregulation of one-carbon metabolism, neurotransmitter biosynthesis (dopamine 
and serotonin) and oxidative stress reduction (Adams et al., 2006, Havaux et al., 2009, Pieroth et 
al., 2018), vitamin B6 and folate (vitamin B9) are key cofactors for the regulation of cellular 
metabolism (Parra et al., 2018, Zheng and Cantley, 2019). Together, data suggest that induction 
of B vitamin metabolism in the microbiome of M-eff heifers might have contributed to 
increasing the supply of B vitamins during the preweaning period.   
Amino Acid Supply. Most dietary amino acids (AA) are absorbed in the small intestine, 
but substantial amounts can reach the hindgut (van der Wielen et al., 2017). The prevailing 
notion is that mammals, including ruminants, do not absorb AA from the hindgut (van der 
Wielen et al., 2017, Mariz et al., 2018). However, a series of studies suggest the opposite. For 
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example, early studies using infusions of 15N-labeled lysine and 14C-labeled isoleucine into the 
cecum of growing pigs revealed their absorption from the hindgut (Krawielitzki et al., 1982, 
Krawielitzki et al., 1983). The detection of 15N-labelled AA in blood of pigs and ponies infused 
with 15N-labeled microbes into the cecum indicated colonocytes can absorb microbial-derived 
AA (Slade et al., 1971, Niiyama et al., 1979). The absorption of AA from the intestinal lumen 
requires a large family of AA transporters, many of which are expressed in the hindgut of 
humans, pigs and rodents including neutral and basic amino acid transporters (SLC6A14, 
SLC3A1) and L-type amino acid transporters (SLC7A5, SLC7A6) (van der Wielen et al., 2017). 
The detection of these AA transporters in the hindgut of neonatal calves should provide 
additional support for the notion that AA absorption in the hindgut occurs. Although the 
potential availability for these important AA for colonocytes absorption is suggested, hindgut 
bacteria could also utilize these AA further. For example, Peptostreptococcus bacteria uptake 
AA such as glutamate and tryptophan in human hindgut (Lin et al., 2017), likely lead to the 
reduction of glutamate and tryptophan availability to colonocytes. Future studies are warranted 
to unmask the relationships between microbiome and AA availability in cattle hindgut. 
Among the AA-related pathways enriched in M-eff heifers, arginine and proline are 
noteworthy because of their involvement in RNA synthesis and protein glycosylation both of 
which are essential for cellular function (Sparks, 2014, Li et al., 2018a). Methionine is required 
for spermidine and spermine biosynthesis (Leruez et al., 2018), compounds that help alleviate 
oxidative stress (Minois et al., 2011). The upregulation of spermidine and spermine biosynthesis 
observed in fecal metabolome of M-eff heifers agrees with the induction of methionine 
metabolism. Tyrosine and its metabolites such as cinnamic acids and p-hydroxyphenylacetic 
reduce reactive oxygen species (ROS) production (Beloborodova et al., 2012). Assuming that 
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some of these metabolites would be available for uptake by intestinal cells, the upregulation of 
spermidine, spermine and tyrosine metabolism in M-eff heifers could exert a positive effect in 
the context of reducing oxidant status, potentially contributing to enhanced hindgut integrity.  
Tyrosine, tryptophan, and phenylalanine are required for serotonin and dopamine 
synthesis, both of which are important neurotransmitters (Bergwerff et al., 2016). The induction 
of tyrosine, tryptophan, and phenylalanine metabolism in M-eff heifers suggested a potential line 
of communication between hindgut and brain during the preweaning period. The degradation of 
branched-chain amino acids (BCAA) such as valine, leucine, isoleucine generates succinyl-CoA 
and acetyl-CoA, both of which could contribute to energy synthesis via the upregulation of the 
citric acid cycle (Harper et al., 1984). Furthermore, the degradation of BCAA produces α-keto 
acids, which can induce cellular growth through the activation of mechanistic target of 
rapamycin signaling (Avruch et al., 2009). Therefore, the induction of BCAA catabolism in M-
eff heifers represents another adaptation that could increase the availability of metabolically-
important compounds for neonatal heifers.  
 
CONCLUSIONS 
The divergence in RFI during early life is associated with unique microbiome-
metabolome profiles in the hindgut of dairy calves. The beneficial profiles in hindgut 
microbiome and metabolome at birth before colostrum feeding shape the early hindgut 
microbiome and might partly determine superior feed efficiency. That idea is supported by the 
similar growth and body development in the more-efficient calves that consumed 17.1% less 
starter DMI than least-efficient calves during the preweaning period. Whether the microbiome-
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metabolome profiles at birth denote dam-to-fetus efflux of commensal bacteria during pregnancy 


























Fig. 5.1. Residual feed intake (RFI) in most-efficient (M-eff, n = 13) or least-efficient (L-eff, n = 
13) heifer calves during preweaning period. (a) RFI population distribution. (b) RFI coefficients 

















Fig. 5.2. Body measurements at birth in most-efficient (M-eff, n = 13) or least-efficient (L-eff, n 















Fig. 5.3. Growth performance during preweaning period in most-efficient (M-eff, n = 13) or 
least-efficient (L-eff, n = 13) heifer calves. (a) Daily starter dry matter intake (DMI). (b) 














Fig. 5.4. Body measurements during preweaning period in most-efficient (M-eff, n = 13) or 












Fig. 5.5. Hindgut microbiome at birth in most-efficient (M-eff, n = 13) or least-efficient (L-eff, n = 13) heifer calves. (a) Non-metric 
multidimensional scaling (NMDS) plot of fecal microbiome profile. (b) Alpha diversity indices. (c) Cladogram of LEfSe analysis 
shows the overrepresented microbial populations. Taxa are significant from LeFSe (P ≤ 0.05 and LDA cutoff  > 3.0). (d) Microbial 






Fig. 5.6. Hindgut microbiome during preweaning period in most-efficient (M-eff, n = 13) or least-efficient (L-eff, n = 13) heifer 
calves. (a) Non-metric multidimensional scaling (NMDS) plot of fecal microbiome profile. (b) Alpha diversity indices. (c) Cladogram 
of LEfSe analysis shows the overrepresented microbial populations. Taxa are significant from LeFSe (P ≤ 0.05 and LDA cutoff  > 





Fig. 5.7. Hindgut metabolome at birth in most-efficient (M-eff, n = 13) or least-efficient (L-eff, n 
= 13) heifer calves. (a) 3D scores plot of partial least square discriminant analysis (PLS-DA) 







Fig. 5.8. Hindgut metabolome during preweaning period in most-efficient (M-eff, n = 13) or 
least-efficient (L-eff, n = 13) heifer calves. (a) 3D scores plot of partial least square discriminant 
analysis (PLS-DA) model. (b) and (c) Upregulated and downregulated metabolic pathways in M-
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CHAPTER 6: SUPPLY OF METHIONINE DURING LATE-PREGNANCY ALTERS 
FECAL MICROBIOME AND METABOLOME IN NEONATAL DAIRY HEIFER 
CALVES WITHOUT CHANGES IN DAILY FEED INTAKE  
 
ABSTRACT 
To our knowledge, most studies demonstrating the central role of manipulating maternal 
nutrition on hindgut (i.e. large intestine) microbiome in offspring have been performed with non-
ruminants. Whether this phenomena exist in cattle is largely unknown. Therefore, the objective 
of the current study was to evaluate the impact of maternal methionine supply during late-
pregnancy in dairy cows on fecal microbiome and metabolome in neonatal calves, and its 
association with body development and growth performance during preweaning period. To 
achieve this, heifer calves, i.e. neonatal female offspring, born to Holstein cows receiving either 
a control (CON) diet (n = 13) or CON plus rumen-protected methionine (MET; Evonik Nutrition 
& Care GmbH) during the last 28 d of pregnancy were selected for the current study. We 
collected fecal samples from heifers from birth until 6 weeks of age to study changes in fecal 
microbiome and metabolome during preweaning period. Fecal microbiome was analyzed with 
QIIME 2 whereas fecal metabolites were measured using LC-MS untargeted approach. At birth, 
MET heifers had greater (P ≤ 0.05) body weight (BW), hip height (HH) and wither height (WH) 
than in CON group. During the preweaning period, no differences between groups were detected 
for starter intake (P = 0.77). However, MET heifers maintained greater (P ≤ 0.05) BW, HH and 
tended (P = 0.06) to have greater WH and average daily gain (ADG) (P = 0.10). Fecal 
microbiome and metabolome profiles through 42 days of age in MET heifers indicated greater 
capacity for hindgut production of endogenous antibiotics and enhanced hindgut functionality 
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and health. Enhancing maternal methionine supply during late-gestation in dairy cows has a 
positive effect on hindgut functionality and health in their offspring through alterations in the 
fecal microbiome and metabolome without affecting feed intake. Those alterations could limit 
pathogen colonization of the hind-gut while providing essential nutrients to the neonate. 
Together, such responses contribute to the ability of young calves to achieve better rates of 
nutrient utilization for growth. 
 
INTRODUCTION 
 The hindgut microbiome regulates host metabolism, immune response and other crucial 
physiological processes via the production of numerous bioactive metabolites such as volatile 
fatty acids (VFA), essential amino acids, vitamins and neurotransmitters that regulate signaling 
pathways and metabolism (Thursby and Juge, 2017). These coordinated processes promote 
growth and development in dairy calves (Malmuthuge and Guan, 2017). Although it is well-
established that the hindgut microbiome is crucial for the functionality of gastrointestinal tract in 
non-ruminants, whether it can be programmed during pregnancy or early life in ruminants 
remains largely unknown.  
The early hindgut microbiome can be determined through vertical transfer of maternal 
microorganisms in utero (Zhu et al., 2018b). In recent years, we have witnessed a growing 
number of studies across non-ruminant species highlighting the central role of maternal diet 
during pregnancy on the establishment of the early neonatal microbiome. In humans, Chu et al. 
(2016) reported that maternal high-fat diet intake (43.1% fat content in the diet) during late-
pregnancy (last 12 weeks of gestation) induced distinct changes in hindgut microbiome in 
neonates that persisted to 6 weeks of age. Enterococcus were enriched and Bacteroides 
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communities reduced in neonates exposed to maternal high-fat intake compared with controls 
(24.4% fat content in the diet). Enhanced maternal soluble fiber supply during the entire 
pregnancy induced marked changes in hindgut microbiome composition of 2-week-old piglets, 
including increased Lactobacillus, Bacteroides and Roseburia (Cheng et al., 2018). Those 
profiles were positively correlated with better hindgut development including an increase in 
energy extraction from polysaccharides and a reduction in intestinal permeability and 
inflammation, all of which led to greater growth performance in suckling piglets. 
Ensuring a proper post-ruminal supply of methionine to dairy cows during the 
periparturient period has garnered interest in recent years due to beneficial effects of this amino 
acid in alleviating unfavorable health consequences of negative protein and energy balance 
around parturition (Osorio et al., 2016; Batistel et al., 2017b; Zhou et al., 2018). In addition, 
other studies underscored beneficial effects of maternal supply of methionine on neonatal calves, 
including greater body size (Alharthi et al., 2018), faster maturation of hepatic metabolic 
pathways (Jacometo et al., 2017) and better innate immune function (Jacometo et al., 2018). 
Besides those physiologic effects, maternal methionine supply during late-pregnancy induced 
distinctive changes in the hindgut microbiome and plasma metabolome composition in piglets 
(Azad et al., 2018). Those changes were proposed to be caused by microbial utilization and 
metabolism of methionine (Neis et al., 2015). Enhanced maternal supply of choline, betaine, 
folate and vitamin B12 during pregnancy induced persistent hindgut microbiome changes in 
murine offspring during the preweaning period (Schaible et al., 2011). Whether maternal 
methionine supply, a key methyl donor, during pregnancy in dairy cows affects offspring hindgut 
microbiome is largely unknown.  
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To date, most published studies have focused on the variation of phylogenetic 
architecture in the hindgut microbiome, while few studies investigated hindgut metabolites 
alongside microbial composition. Thus, a number of unanswered questions remain especially 
about potential changes in hindgut metabolome driven by manipulation of the microbiome. 
Profiling fecal metabolome might provide valuable information on the potential adaptive 
responses of the hindgut microbiome to changes in maternal diet during pregnancy. Furthermore, 
those data could help determine associations between hindgut functionality and efficiency of 
nutrient use for growth early in life. 
We hypothesize that post-ruminal supply of methionine in late-pregnancy is associated 
with development of a unique hindgut microbiome and metabolome in neonatal calves that helps 
explain in part better growth performance during early life. To address this hypothesis, we 
studied changes in fecal microbiome and metabolome, representing hindgut microbial 
communities and metabolites (Li et al., 2018b), in neonatal female calves born to cows fed a 
control diet or control plus rumen-protected methionine during the last 28 d of pregnancy 
(Batistel et al., 2017a). Fecal samples were harvested from birth until 6 weeks of age, i.e. during 
the preweaning period. These hindgut microbiome-metabolome changes were evaluated in the 
context of growth performance of the same calves.  
 
MATERIAL AND METHODS 
The research protocol was reviewed and approved by the Institutional Animal Care and 





Details of maternal treatments have been described previously (Batistel et al., 2017a). 
Briefly, 60 multiparous pregnant Holstein cows received a common early dry period diet, i.e. far-
off diet, from -45 to -29 d relative to parturition. All cows received low-energy and high-straw 
far-off diet contains 1.33 Mcal/kg of dry matter (DM) and 13.9% crude protein (CP) with no 
added methionine. Cows were individually fed using Calan Broadbent Feeding System 
(American Calan Inc., Northwood, NH, USA). At -28 d relative to parturition, cows were 
randomly assigned to receive either a basal control (CON) close-up diet (n = 30; 1.47 Mcal/kg 
DM and 15.3% CP) with no added methionine or CON plus methionine added in the form of 
ethyl-cellulose rumen-protected methionine (MET, n = 30; Mepron®, Evonik Nutrition & Care 
GmbH, Germany). The ingredient and nutrient compositions of the “far-off” and “close-up” diets 
fed are reported in Suppl. Table E.1 and Suppl. Table E.2. All diets were formulated to meet cow 
predicted requirements according to NRC (2001). Mepron is a commercial source of rumen-
protected methionine in the form of small beads containing a minimum of 85% methionine, 
including an equimolar mixture of D-methionine and L-methionine isomers. Mepron beads resist 
microbial degradation in the rumen due to an ethyl-cellulose film coating the methionine core, 
resulting in ruminal bypass value of 80% (Overton et al., 1996). Mepron digestibility coefficient 
in the intestine is 90% (Schwab, 1995), therefore, every 10 g Mepron provides the cow with 6.1 
g metabolizable methionine. Mepron was top-dressed once daily on the total mixed ration (TMR) 
during the close-up period from -28 d to calving date at a rate of 0.09% of previous day dry 
matter intake (DMI). This rate was based on studies demonstrating beneficial effects on 
production performance and health during the prepartum period (Osorio et al., 2013; Zhou et al., 
2016). After calving, colostrum volume was recorded. 
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Enrolment Criteria and Management of Neonatal Heifers 
After parturition, neonatal calves were separated from their dams. Heifer calves were 
kept in the experiment if they fulfilled all the following criteria described previously by 
Jacometo et al. (2016): (1) single heifer calf; (2) heifer calf birth weight >36 kg; (3) calving 
difficulty score <3; and (4) dam first colostrum volume >3.8 L. A subset of heifer calves born to 
cows receiving CON (n = 13) or MET (n = 13) diets were selected randomly for the current 
study. All heifer calves were managed in the same fashion during first 6 weeks of life. At birth, 
the navel was disinfected with 7% tincture of iodine solution (First Priority Inc., Elgin, IL, USA), 
and neonatal heifers were vaccinated with TSV II (Pfizer Inc., New York, NY, USA) via nostril 
application. The neonatal heifers received 3.8 L of first-milking colostrum collected from their 
dams within 6 hours after birth. The heifers calves were housed in individual outdoor hutches 
bedded with straw, and fed twice daily (morning and afternoon) with a milk replacer (Advance 
Excelerate, Milk Specialties, Carpentersville, IL, USA; 28.5% CP, 15% fat) until 35 days of age. 
The nutrient composition and amino acid profiles of the milk replacer are reported in Table 6.1. 
At d 36, neonatal heifers were switched to once-daily milk replacer feeding at the morning until 
weaning (42 days of age). Heifer calves received 4.54 kg/day of milk replacer mix (0.59 kg of 
milk replacer in 3.95 L of water) from 1 to 10 days of age, 5.90 kg/day (0.77 kg of milk replacer 
in 5.13 L of water) from 11 to 20 days of age, 7.26 kg/day (0.94 kg of milk replacer in 6.32 L of 
water) from 21 to 35 days of age and 3.63 kg/day (0.47 kg of milk replacer in 3.16 L of water) 
from 36 to 42 days of age. From d 1 until day 42 of life, neonatal heifers had ad libitum access to 
starter grain mix (Ampli-Calf Starter 20®; 19.9% CP and 13.5% NDF, Purina Animal Nutrition, 
Shoreview, MN, USA) fed at the morning. The nutrient composition and amino acid profiles of 
the starter grain mix are reported in Table 6.1. Starter intake was recorded daily until 42 days of 
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age. Body measurements including body weight, hip height and width, wither height and body 
length were measured weekly at day 0 (i.e., at birth before colostrum feeding), 7, 14, 21, 28, 35 
and 42. Average daily gain was calculated as final body weight (BW) at day 42 minus initial BW 
at birth divided by total number of days on trial (i.e. 42 days) whereas cumulative body weight 
gain was calculated as BW at day 42 minus initial BW at birth. All heifer calves remained 
clinically healthy during the study.  
Fecal Sampling and Storage 
Fecal samples at birth were obtained from each heifer before colostrum feeding using 
sterile double sheathed equine uterine culture swabs (EquiVet, Kruuse, Denmark) inserted 10 cm 
into the rectum. The swab was only exposed to the rectum. For fecal samples at day 14, 28 and 
42, neonate heifers were rectally finger-stimulated with a sterile-gloved hand to facilitate the 
collection of fresh fecal sample that was subsequently placed in a sterile Whirl-Pak® bag (Nasco, 
Fort Atkinson, WI, USA). Fecal swabs and bags were immediately flash frozen in liquid nitrogen 
and stored at -80°C for microbiome and metabolome analyses. 
Fecal DNA Extraction, 16S rRNA Gene Amplification and Sequencing  
Microbial DNA was extracted from fecal samples (single fecal swab or 100 mg feces 
from fecal bags) using DNeasy PowerSoil kit (Qiagen, Valencia, CA, USA) in accordance with 
manufacturer’s instructions. To track any contamination during the DNA extraction, 3 no-
template negative controls (i.e. samples without biological material) were processed to assess the 
presence of microbial contamination in the swabs and the extraction reagents. The negative 
controls were run through the entire workflow alongside samples for quality control. Total DNA 
concentration and integrity were evaluated using NanoDrop spectrophotometer (ND 1000, 
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NanoDrop Technologies, Inc., Wilmington, DE, USA) and 2% (wt/v) agarose gel electrophoresis 
(Sigma-Aldrich, Saint Louis, MO, USA) with SYBR Safe DNA Gel Stain (Invitrogen, Grand 
Island, NY, USA). The extracted DNA was immediately stored at -80 °C for further analysis. All 
DNA samples were quantified on a Qubit fluorometer (Life technologies, Grand Island, NY, 
USA) using High Sensitivity DNA Kit (Roche, Indianapolis, IN, USA) and 20x Access Array 
loading reagent as described by Zeineldin et al. (2018). Total metagenomic DNA was subjected 
to Fluidigm Access Array Amplification (Fluidigm Corporation, South San Francisco, CA, USA) 
for DNA amplification. The V3-V4 hyper-variable region of 16S rRNA gene was sequenced 
with the Illumina MiSeq V2 platform (Illumina, San Diego, CA, USA) to obtain paired-end 
reads of 250 bp. The data quality filters on the raw microbiome sequences were applied with 
Illumina software. Any reads found in the negative control were filtered out of the data analysis. 
Analysis of Amplicon Sequencing Data 
High quality 16S rRNA amplicon sequences were analyzed with open source 
Quantitative Insights into Microbial Ecology (QIIME) 2.0, which is the successor to the QIIME 
(Caporaso et al., 2010) microbiome analysis package. The reads were de-noised into amplicon 
sequence variants (ASVs) using DADA2 pipeline, an implemented tool available in QIIME 2.0 
(Callahan et al., 2016). A total of 5,608,590 reads were retrieved from 104 sequenced samples 
and clustered into 6,494 ASVs (Suppl. Table E.3). Taxonomic classification of sequences was 
assigned to ASVs using the feature classifier against Greengenes 16S rRNA gene database 13.8 
(McDonald et al., 2012). 
Bacterial alpha diversity, including Shannon, Chao1 and observed species indices per 
sample were calculated with QIIME 2.0. We visualized differences in beta-diversity with non-
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metric multidimensional scaling (NMDS) plots, which were constructed using 
MicrobiomeAnalyst (Dhariwal et al., 2017). Fecal microbiome profile was described for the 
most prevalent taxa using taxonomy plots generated in JMP 13.2 (SAS Institute Inc., Cary, NC, 
USA). Cladogram of LEfSe analysis for overrepresented microbes between CON and MET 
groups was obtained through Galaxy workflow framework (Segata et al., 2011). The PICRUSt 
1.1.2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) 
pipeline (Langille et al., 2013) and STAMP 2.1.3 (Parks et al., 2014) were used to investigate 
and illustrate the alterations in microbial functions of fecal microbiome in response to maternal 
methionine supply.  
Fecal Metabolite Extraction and LC-MS Analysis 
Free metabolites were extracted as described by Yu et al. (2017) with modifications. 
Fecal samples (single fecal swab or 100 mg feces from fecal bags) were dissolved in 1 mL ice 
cold purified water prepared using on a Milli-Q water purification system (Millipore Corp, 
Bedford, MA, USA). The mixture was vortexed and centrifuged at 10,000  g for 15 min at 4°C. 
Supernatant was collected and kept on ice, whereas the remaining fecal pellet was further 
extracted by adding 1 mL ice cold LC-MS grade methanol (Sigma-Aldrich, Steinheim, 
Germany). The mixture was vortexed and centrifuged at 10,000  g for 15 min at 4°C. 
Supernatant was collected and kept on ice. Both fecal supernatants were combined and 
centrifuged at 10,000  g for 15 min at 4°C. The resulting supernatant was collected and stored 
at -80 °C until LC–MS analysis. 
The samples were analyzed with Q-Exactive MS system (Thermo. Bremen, Germany) in 
Metabolomics Laboratory of Roy J. Carver Biotechnology Center, University of Illinois at 
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Urbana-Champaign, USA. Software Xcalibur 4.1.31.9 was used for data acquisition. The Dionex 
Ultimate 3000 series HPLC system (Thermo, Germering, Germany) used includes a degasser, an 
autosampler and a binary pump. The LC separation was performed on a Phenomenex Kinetex 
C18 column (4.6  100 mm, 2.6 μm) with mobile phase A (H2O with 0.1 % formic acid) and 
mobile phase B (acetonitrile with 0.1 % formic acid). The flow rate was 0.25 mL/min. The linear 
gradient was as follows: 0-3 min, 100% A; 20-30 min, 0% A; 31-36 min, 100% A. The 
autosampler was set to 15°C. The injection volume was 20 μL. Mass spectra were acquired 
under both positive (sheath gas flow rate: 45; aux gas flow rate: 11; sweep gas flow rate: 2; spray 
voltage: 3.5 kV; capillary temp: 250°C; Aux gas heater temp: 415°C) and negative electrospray 
ionization (sheath gas flow rate: 45; aux gas flow rate: 11; sweep gas flow rate: 2; spray voltage: 
-2.5 kV; capillary temp: 250°C; Aux gas heater temp: 415°C). The full scan mass spectrum 
resolution was set to 70,000 with scan range of m/z 67 ~ m/z 1,000, and AGC target was 1E6 
with a maximum injection time of 200 ms. The 4-Chloro-DL-phenylalanine was spiked into the 
sample as the internal standard. LC-MS data were further analyzed with Thermo Compound 
Discoverer software (v. 2.1 SP1) for chromatographic alignment and compound/feature 
identification/quantitation. The workflow is Untargeted Metabolomics with Statistics Detect 
Unknowns with ID Using Online Databases. The following settings were used in Select Spectra: 
minimum precursor mass (65 Da) and maximum precursor mass (5,000 Da); in Align Retention 
Time: Maximum shift (1 min) and Mass tolerance (5 ppm); in Detect unknown compounds: 
Mass tolerance (5 ppm), Intensity tolerance (30 %), S/N (3), and Minimum peak intensity 





Metabolomics Data Processing  
Data visualization and statistical analyses for fecal metabolome data were performed with 
MetaboAnalyst 4.0 (Chong et al., 2018). The raw data were checked for data integrity and 
normalized by sum and autoscaling in order to enhance the performance for downstream 
statistical analysis (Khan et al., 2018). Multivariate analysis was performed by the supervised 
partial least squares discriminant analysis (PLS-DA) to visualize the metabolic profile 
dissimilarities between CON and MET groups in order to identify important metabolites 
separating the two groups and trends in upregulation or downregulation in MET group (Meloni 
et al., 2018). Metabolites most strongly influencing discrimination between the two groups were 
selected according to their importance in differentiating the metabolic profile in maternal dietary 
groups based on the following criteria: variable importance in the projection (VIP) score >1.0 
and |p-(corr)| ≥ 0.5 with 95% jack-knifed confidence intervals (Yan et al., 2017). On the 
confidence level 3 of Metabolomics Standards Initiative, i.e. annotate metabolites against a 
single parameter such as molecular weight (MW) (Chaleckis et al., 2019), we annotated the 
differentially expressed metabolites according to the accurate MW by searching the exact MW 
against online Human Metabolome Database (HMDB) version 4.0 (Wishart et al., 2018) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Wu et al., 2018). The 
differentially expressed metabolites identified from the above approach were used to perform 
pathway enrichment analysis using MetaboAnalyst 4.0 to explore the upregulated and 
downregulated metabolic pathways in which the differential metabolites are involved in order to 
obtain an accurate insight into the underlying biology of the differentially expressed metabolites 





The UNIVARIATE procedure of SAS 9.4 (SAS Institute Inc., Cary, NC, USA) was used 
for body measurements between CON and MET groups at birth, cumulative starter NDF intake 
and cumulative body weight gain. The MIXED procedure of SAS 9.4 was used for repeated 
measures analysis of body measurements, daily starter intake and average daily gain (ADG) at d 
14, 28 and 42 of age. To avoid a potential confounding effect of initial BW on growth 
performance measures during the preweaning period, initial BW was included in the statistical 
model as a covariate in the mixed model ANOVA. All data are reported as covariate-adjusted 
means. Both maternal groups and time (day or week) were considered as fixed factors in the 
model, and the random effect was heifer calf. Comparison of bacterial alpha diversity indices in 
fecal microbial communities between CON and MET groups at birth was performed with the 
nonparametric Mann-Whitney unpaired t-test with JMP 13.2 (SAS Institute Inc., Cary, NC, 
USA). Permutational multivariate analysis of variance (PERMANOVA) utilizing a Bray-Curtis 
dissimilarity index (Anderson, 2001), a non-parametric multivariate analysis of variance was run 
in JMP 13.2 (SAS Institute Inc., Cary, NC, USA) to determine the differences in bacterial alpha 
diversity indices between the two groups at d 14, 28 and 42. Linear discriminant analysis (LDA) 
effect size (LEfSe) analysis was used to identify the differential genera between CON and MET 









Body Measurements and Growth Performance  
At birth, neonatal heifer calves from cows fed MET had greater (P ≤ 0.05) BW, hip 
height (HH) and wither height (WH) (Table 6.2). Calves in the MET group tended to increase 
ADG (P = 0.06) and cumulative BW gain (P = 0.08) (Table 6.3) despite a lack of difference in 
starter intake (P = 0.77) and cumulative starter neutral detergent fiber (NDF) intake (P = 0.71). 
Along the same line, enhanced supply of methionine to dairy cows during late-pregnancy led to 
overall greater (P ≤ 0.05) BW and HH, and tended to increase WH (P = 0.06) during the 
preweaning period (Table 6.3). There was a clear effect of time (P < 0.01) on daily starter intake, 
ADG (Table 6.3) and body measurements (Table 6.3) during the preweaning period. 
Fecal Microbiome at Birth 
           Despite a lack of difference in beta diversity of microbial communities (ANalysis Of 
SIMilarity (ANOSIM); P = 0.45) between groups at birth detected with the NMDS approach 
(Fig. 6.1a and Suppl. Fig. E.1), which were further confirmed by Shannon (P = 0.26), Chao 1 (P 
= 0.69) and observed species (P = 0.68) diversity indices (Fig. 6.1b and Suppl. Fig. E.2), the 
LeFSe analysis revealed shifts in the fecal microbiome communities at birth in response to 
maternal methionine supply (Fig. 6.1c and Table 6.4). For example, MET heifers had greater 
abundance (P ≤ 0.05 and LDA cutoff >2.0) of Geodermatophilaceae, Nocardioidaceae, 
Amycolatopsis, S24_7, Clostridiales, Novosphingobium, Anaeroplasma, Anaeroplasmatales, but 
lower (P ≤ 0.05 and LDA cutoff >2.0) Dietzia, Dietziaceae, Collinsella, Coriobacteriales, 
Barnesiellaceae, Staphylococcaceae, Pseudoramibacter_Eubacterium and Anaerotruncus (Fig. 
6.1c and Table 6.4). In addition, the MET microbiome had greater functional genes (P ≤0.05) 
involved in methionine, cysteine and butanoate metabolism, caprolactam and xylene 
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degradation, bacterial motility proteins, biosynthesis of type II polyketide backbone and cell 
motility and secretion (Fig. 6.1d). In contrast, the microbiome of MET heifers had lower 
functional genes (P ≤0.05) for glycine, serine, threonine, thiamine and glycerophospholipid 
metabolism, folate biosynthesis, Glycolysis/Gluconeogenesis, signal transduction mechanisms 
and general function prediction only. 
Fecal Microbiome During the Preweaning Period 
          The NMDS plot revealed no differences at the beta diversity level (ANOSIM; P = 0.67) 
between MET and CON heifers at day 14, 28 and 42 of age (Fig. 6.2a and Suppl. Fig. E.3). 
These results were further confirmed by Shannon (P = 0.64), Chao 1 (P = 0.38) and observed 
species (P = 0.27) diversity indices revealing no differences on fecal bacterial alpha diversity at 
any tested time-point (Fig. 6.2b and Suppl. Fig. E.2). In addition, alpha diversity indices did not 
reveal maternal diet and time interactions over time (P > 0.10) (Fig. 6.2b). LeFSe analysis for 
bacterial taxa revealed shifts in the preweaning microbiome communities in response to prenatal 
MET (Fig. 6.2c and Table 6.5). For example, MET heifers had greater abundance (P ≤ 0.05 and 
LDA cutoff >2.0) of Ruminococcus, Dialister, Fusobacterium, Fusobacteriaceae, 
Fusobacteriales but lower (P ≤ 0.05 and LDA cutoff >2.0) Actinomyces, Bifidobacterium, 
Bifidobacteriales, Prevotella, Paraprevotellaceae, Clostridium, and Burkholderiales (Fig. 6.2c 
and Table 6.5). In addition, the MET microbiome had greater functional genes (P ≤0.05 and 
LDA cutoff >2.0) involved in pyruvate, nitrogen, inorganic ion transport, naphthalene, 
bisphenol, styrene chlorocyclohexane and chlorobenzene degradation, streptomycin and 
flavonoid biosynthesis and biosynthesis and biodegradation of secondary metabolites (Fig. 6.2d). 
In contrast, the microbiome of MET heifers had lower functional genes (P ≤0.05 and LDA cutoff 
>2.0) for ribosome biogenesis in eukaryotes, novobiocin biosynthesis, D-alanine, thiamine and 
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vitamin B6 metabolism, cell cycle caulobacter, DNA replication, mismatch repair, homologous 
recombination, chromosome replication and repair, amino acids related enzymes, aminocyl 
tRNA biosynthesis, flagellar assembly and ribosome translation.  
Fecal Metabolome at Birth 
The PLS-DA plot of metabolomics data from fecal samples revealed a clear separation 
between MET and CON groups at birth (Fig. 6.3a). A total of 30 differentially abundant 
metabolites were identified and annotated in fecal samples at birth (Fig. 6.4 and Table 6.6). The 
MET heifers had a greater concentration (P < 0.01) of 3,4-dihydroxyphenylglycol, 2,5-
dichlorophenol, phosphatidylcholine, glycerol 3-phosphate, prostaglandin E2, epiandrosterone, 
sphinganine 1-phosphate, flavin mononucleotide, cytidylic acid, sphingoid, glucuronide, D-
erythrose 4-phosphate, epimelibiose, riboflavin and ascorbic acid (Fig. 6.4a and Table 6.6). The 
enrichment of these metabolites resulted in the upregulation (P ≤0.05) of multiple biological 
pathways (Fig. 6.3b) including cardiolipin biosynthesis, riboflavin metabolism, pantothenate and 
coenzyme A (CoA) biosynthesis, sphingolipid metabolism, de novo triacylglycerol biosynthesis, 
glycerol phosphate shuttle, phosphatidylethanolamine biosynthesis, pyrimidine metabolism, 
phosphatidylcholine biosynthesis, phosphatidylinositol phosphate metabolism, mitochondrial 
electron transport chain, vitamin B6 metabolism, plasmalogen synthesis, pentose phosphate 
pathway, phospholipid biosynthesis, beta-alanine metabolism, galactose metabolism, arginine 
and proline metabolism, warburg effect, arachidonic acid metabolism and tyrosine metabolism. 
In contrast, MET heifers had lower concentrations (P < 0.01) of pyrogallic acid, phenylglyoxylic 
acid, squalene, linoleic acid, desoxycortone, 9,10-DHOME, ceramide, estradiol-17beta 3-
glucuronide, gamolenic acid, 13-OxoODE, uridine, guanosine triphosphate, cyclic AMP, 
cysteinylglycine and naringenin (Fig. 6.4b and Table 6.6). The decrease of these metabolites 
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resulted in the downregulation (P ≤0.05) of several biological pathways (Fig. 6.3c) including 
alpha linolenic acid and linoleic acid metabolism, glutathione metabolism, purine metabolism, 
pterine biosynthesis, citric acid cycle, fructose and mannose degradation androgen and estrogen 
metabolism, aspartate metabolism, gluconeogenesis, steroidogenesis, pyruvate metabolism, 
steroid biosynthesis, glutamate metabolism and pyrimidine metabolism.  
Fecal Metabolome During the Preweaning Period 
Differences in fecal metabolite profiles of MET and CON neonatal heifers at birth were 
revealed by PLS-DA plot (Fig. 6.5a). A total of 30 differentially abundant metabolites were 
identified and annotated in fecal samples during the preweaning period (Fig. 6.6 and Table 6.7). 
Overall, MET heifers had a greater abundance (P < 0.01) of  9-cis-retinoic acid, 13-OxoODE, 
isofucosterol, xanthosine, thiomethyladenosine, L-cystathionine, L-cystine, fumaric acid, cis-
aconitic acid, ascorbic acid, lipoate, biotin, neopterin, indoleacetaldehyde and 
hydroxyphenyllactic acid (Fig. 6.6a and Table 6.7). The enrichment of these metabolites resulted 
in the upregulation (P ≤0.05) of multiple biological pathways (Fig. 6.5b) including citric acid 
cycle, biotin metabolism, methionine metabolism, homocysteine degradation, warburg effect, 
alanine metabolism, spermidine and spermine biosynthesis, mitochondrial electron transport 
chain, threonine and 2-oxobutanoate degradation, transfer of acetyl groups into mitochondria, 
purine metabolism, phenylalanine and tyrosine metabolism, pterine biosynthesis, urea cycle, 
ammonia recycling, aspartate metabolism, fatty acid biosynthesis, gluconeogenesis, retinol 
metabolism, propanoate metabolism, pyruvate metabolism, glutamate metabolism, arginine and 
proline metabolism, glycine and serine metabolism, tryptophan metabolism, valine, leucine and 
isoleucine degradation and tyrosine metabolism. In contrast, MET heifers had lower overall 
concentrations (P < 0.01) of 9,10-DHOME, phthalic acid, formyl-N-acetyl-5-
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methoxykynurenamine, estradiol-17beta 3-glucuronide, 2-lysolecithin, diglyceride, eicosenoic 
acid, alpha-tocotrienol, gamma-aminobutyric acid, L-aspartic acid, 3-hydroxy-L-kynurenine, 
inositol phosphate, galactose 1-phosphate, thiamine pyrophosphate and riboflavin (Fig. 6.6b and 
Table 6.7). The decrease of these metabolites in Met calves resulted in the downregulation (P 
≤0.05) of several biological pathways (Fig. 6.5c) including tryptophan metabolism, lactose 
synthesis, nucleotide sugars metabolism, riboflavin metabolism, glycolysis, starch and sucrose 
metabolism, androgen and estrogen metabolism, gluconeogenesis and galactose metabolism.  
 
DISCUSSION 
Body Measurements and Growth Performance  
In a recent publication using another cohort of cows from the present study (Batistel et 
al., 2017a) we reported that enhanced methionine supply during late-pregnancy increased DMI, 
plasma methionine and plasma insulin in dairy cows, and  
possibly stimulated greater materno-fetal transfer of nutrients from maternal to fetal 
circulation via the upregulation of placental glucose-amino acid transporters and mammalian 
target of rapamycin (MTOR) signaling proteins. These placental adaptations to maternal 
methionine likely induced greater fetal growth during late-pregnancy (Sletmoen-Olson et al., 
2000; Batistel et al., 2017a), which we confirmed when the entire cohort of calves was evaluated 
in terms of birth and preweaning BW, HH and WH in MET heifers (Alharthi et al., 2018). The 
greater BW, HH, WH along with greater BL and ADG during the preweaning period, i.e. 
through 42 days of age, in MET heifer calves in the present study agrees with data reported on 
the entire cohort of calves (including male and female animals) (Alharthi et al., 2018). The lack 
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of difference in daily starter intake and cumulative NDF intake between CON and MET heifer 
calves during the preweaning period also is in line with Alharthi et al. (2018).  
Newborn calves have an undeveloped rumen, therefore, the gastrointestinal tract 
undergoes rapid development during the preweaning period to allow calves to transition into a 
mature ruminant (Heinrichs, 2005). When the rumen is underdeveloped, complex carbohydrates 
such as oligosaccharides and resistant starch are indigestible by enzymes in the small intestine of 
the calf and reach the hindgut where they are digested by microbial communities resulting in the 
production of energy substrates such as butyrate (Macfarlane and Englyst, 1986; Saulnier et al., 
2009). Therefore, the hindgut microbiome is crucial in providing energy to the preweaned calves, 
influencing early development and health during the preweaning period (Malmuthuge et al., 
2014).  
Fecal Microbiome and Metabolome at Birth 
Colonization of the bovine gut with microbes in early life is crucial to the development of 
mature metabolic functions, immune system and future health (Gomez et al., 2017). In addition, 
commensal bacteria in the hindgut protect the calf against pathogens invasion (Kamada et al., 
2013). The long-standing paradigm in embryology considers that the mammalian fetus develops 
in a sterile womb until birth (Welly et al., 2016). However, recent findings revealed that 
microbes are present in newborn calf meconium (i.e. the first feces at birth) (Alipour et al., 
2018), suggesting that microbial colonization of the bovine hindgut might begin before birth and 
that prenatal dam-to-fetus efflux of commensal bacteria exists in utero via transmission through 
placental barriers (Funkhouser and Bordenstein, 2013). In support of this notion, Enterococci 
bacteria administered orally to pregnant mice were detected in fetal hindgut (Jiménez et al., 
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2008). Bacteria have also been detected in bovine placenta of healthy cows (Moore et al., 2017). 
In the current study, the detection of hindgut bacteria in newborn calves immediately at birth 
before colostrum feeding supports the idea that dam-to-fetus efflux of bacteria occurs in cattle.  
The current study demonstrated that maternal methionine induced remarkable shifts in 
hindgut microbiome and metabolome in newborn calves at birth. For example, maternal 
methionine increased the relative abundance of butyrate producing bacteria such as Clostridiales 
which are crucial to provide the calf with extra energy supply. The order Clostridiales contains 
beneficial bacterial families such as Lachnospiraceae and Clostridiaceae responsible for the 
fermentation of complex carbohydrates and the generation of butyrate (Duncan et al., 2016). As 
recently reviewed by Koh et al. (2016), butyrate is a biologically important VFA for colonocytes 
because it enhances energy production, promotes barrier functions and inhibits inflammation in 
the hindgut. The induction of several energy-related pathways in MET newborn fecal 
metabolome indicated a potential benefit to colonocytes. For example, the induction of 
cardiolipin, riboflavin (vitamin B2), arginine and mitochondrial electron transport chain in MET 
neonates might increase energy production via promoting mitochondrial membrane stability, 
respiratory chain and oxidative phosphorylation (Kajiwara et al., 2012; Adebayo et al., 2017). In 
addition, the upregulation of energetic pathways such as pentose phosphate (PP), pantothenate 
(Vitamin B5), β-alanine, CoA, galactose, triacylglycerol and glycerol phosphate shuttle in MET 
neonates could have enhanced the capacity of the microbiome to readily-metabolize nutrients 
from colostrum that reach the hindgut (Wolfe, 2015). As such, the microbiome itself could have 
benefited or it could have provided intestinal cells and even organs of the calf (e.g. liver) with 
substrate for metabolism to support growth (Fernie et al., 2004; Coelho et al., 2015; Wang et al., 
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2017). The mechanisms underlying the translocation of maternal microbes to fetal hindgut in 
utero and the potential roles of these microbes could not be discerned. 
Reactive oxygen species (ROS) are key factors contributing to oxidative stress in cattle 
because they oxidize vital cellular components such as DNA, lipids and proteins, causing 
oxidative damage and harmful effects to the animal (Ling et al., 2018). As a result, inducing 
oxidative stress in calves could impair growth performance and increase disease susceptibility 
during the preweaning period (Gaál et al., 2006). Therefore, the development of strategies to 
enhance the antioxidant defense system and to reduce oxidative stress in neonatal calves are 
important goals. The upregulation of methionine metabolism and phosphatidylcholine 
biosynthesis in MET calves at birth agrees with data from Lin and Wang (2017). Those authors 
reported that supplemental dietary methionine induced the production of S-adenosyl methionine 
(SAM) and phosphatidylcholine biosynthesis by the gut microbiome of worms. Glutathione is an 
essential antioxidant, thus, downregulation of the glutathione pathway in the offspring in 
response to maternal methionine could reflect a lower state of oxidative stress in MET calves 
(Zhu et al., 2018a). Because of its benefit against oxidative stress in non-ruminant cells, the 
induction of plasmalogen in MET calves might help reduce oxidative damage to the hindgut 
(Hossain et al., 2013). These data highlight the protective role of maternal methionine against 
oxidative damage in the hindgut of MET newborns. Although the exact mechanisms are 
unknown, biomarker profiling has confirmed the benefit of greater supply of methionine in terms 
of reducing oxidative stress in the circulation, liver and mammary gland of dairy cows (Vailati-
Riboni et al., 2017; Batistel et al., 2018; Han et al., 2018).  
The positive effect of maternal methionine on the enrichment of Nocardioidaceae and 
Amycolatopsis in the hindgut, well-known bacteria for producing antibiotics, underscores the 
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protective effect of maternal methionine against pathogens in newborn hindgut. The family 
Nocardioidaceae produces siderophores to prevent the growth of opportunistic fungi (Huang et 
al., 2014). The genus Amycolatopsis generates antibiotic compounds such as rifamorpholines and 
macrotermycins (Beemelmanns et al., 2017; Xiao et al., 2017) which would reduce pathogen 
colonization in the hindgut. In addition, the overrepresentation of polyketide biosynthesis in 
MET heifers supports our speculation that the production of antibiotics against selective 
pathogens was enhanced in offspring in response to the maternal exposure to methionine because 
polyketides are involved in the biosynthesis of several antibiotics such as streptomycin (Shestov 
et al., 2015). Greater production of antibiotics in the hindgut of MET newborns might reduce the 
presence of pathogenic bacteria such as Collinsella and Anaerotruncus (Chen et al., 2016; Zhang 
et al., 2017) observed in the MET group. The results above suggest that greater amounts of 
naturally-produced antibiotics at birth and during early life might enhance hindgut health 
resulting in better assimilation of nutrients that by-pass the small intestine. As such, because the 
rumen develops slowly after birth, hindgut function appears particularly important in these 
young animals. In this study, and because of the absence of differences in feed intake, these 
functional adaptations in the hindgut might help explain the better growth performance and 
efficiency of nutrient use in MET calves.   
The fact that the hindgut in MET calves at birth was enriched with microbial genes and 
metabolites regulating vital metabolic pathways that are typically associated with healthy 
compared with diseased states is surprising. For example, and similar to studies of inflammatory 
bowel disease (IBD) (Morgan et al., 2012; Fazlollahi et al., 2018), the induction of β-alanine and 
butanoate metabolism and bacterial motility and secretion in MET calves indicated a healthier 
status. Similarly, the upregulation of caprolactam and xylene degradation in the MET group 
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revealed by PICRUSt functional analysis underscores the greater capacity of the microbiome to 
remove toxic caprolactam and xylene compounds from the hindgut (Hanson et al., 2016; Salimi 
et al., 2017). The suppression of glutamate and pterine pathways in MET newborns provides 
additional evidence of a healthier state in MET calves because previous studies reported that 
glutamate and pterine decreased in healthy humans compared with diseased counterparts with 
IBD, phenylketonuria and alcoholic liver cirrhosis (Pinheiro de Oliveira et al., 2016; Kolho et al., 
2017).  
Some published data in rodents offers support for microbial-derived sphingolipids and 
arachidonic acid in the gut as important factors to promote hindgut integrity, function and 
development during early life. For instance, sphingolipids are complex lipids known for their 
vital role as structural components of cell membranes and activators for natural killer T cells in 
the hindgut (An et al., 2014; Hasegawa et al., 2017). Because sphingolipids are crucial for the 
integrity of hindgut mucosa to prevent pathogenic microbes translocation into the calf circulation 
(Rusconi et al., 2018), the greater abundance of these lipids in MET calves could have enhanced 
their availability for transport into colonocytes. Arachidonic acid transport into hindgut cells in 
MET neonates also could have served an important role as an immune signaling molecule 
(Hwang, 1989). Together, these alterations would have rendered the hindgut in MET calves 
better able to cope with the consumption of colostrum and reduce pathogenic invasion, resulting 
in better hindgut functionality in MET heifers at birth.  
Together, results suggest a potential prebiotic role for methionine supply during 
pregnancy on the hindgut including greater energy supply, better antioxidant capacity, greater 
antibiotic production and overall healthier status at birth. Along with the greater birth body mass, 
the above results suggest that MET calves were in a more robust condition for facing the 
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extrauterine environment. We speculate that the greater DMI in pregnant cows in response to the 
increase in methionine supply played a role in determining the fecal microbiome and 
metabolome at birth (Batistel et al., 2017a). Because we performed the hindgut sampling using a 
deep fecal swab (10 cm) immediately after birth and before feeding colostrum, it is unlikely that 
the microbiome would have been affected by external bacteria. Therefore, the detection of 
bacteria in the hindgut of newborns provides evidence for the existence of dam-to-fetus 
transmission in utero.  
Although exact mechanisms are unknown, a recent study revealed that the hindgut 
microbiome in newborn calves resembles that of the small intestinal in the dam (Alipour et al., 
2018), suggesting that fetal hindgut microbiome could originated from the maternal intestine. 
Such effect could have been responsible for the observed profiles in the MET calves at birth. 
This speculation is further supported by Bin et al. (2018) who observed that providing pregnant 
sows with 0.12% methionine during the last 25 days of pregnancy increased the relative 
abundance of Methanobacteriaceae in the hindgut, a well-known bacteria that ferments complex 
sugars like oligosaccharides and resistant starch. In the same study, Bin et al. (2018) observed 
that methionine supply during the late-pregnancy induced remarked shifts in sow plasma 
metabolome composition. Thus, changes in dam plasma metabolome in response to maternal 
methionine supply also could have contributed to altering calf hindgut metabolome. Future 
studies to confirm vertical transfer of maternal microorganisms in utero and to clarify the 
physiological mechanisms underlying the maternal transmission of microbes to fetus in cattle (if 




Fecal Microbiome and Metabolome During the Preweaning Period 
Maternal methionine induced greater energy production in MET heifers during the 
preweaning period. For example, MET heifers had greater butyrate-producing bacteria such as 
Ruminococcus and Fusobacterium suggesting a better capacity for generating this important 
volatile fatty acid in the hindgut (Moen et al., 2016; Clark et al., 2018). It is well-known that 
butyrate is a key fuel source for colonocytes, with an overall positive effect on hindgut function 
(Clausen and Mortensen, 1995; Bashiardes et al., 2016). In the same context, the current data 
revealed that methionine calves had greater microbial genes involved in the production of energy 
such as pyruvate and propanoate metabolism, TCA cycle, mitochondrial electron transport chain 
and fatty acid biosynthesis, supporting the notion that maternal methionine promoted the 
colonization of bacteria capable of fermenting indigestible matter reaching the hindgut. 
Metabolome data demonstrated that maternal methionine induced the metabolism of 
essential vitamins such as biotin (vitamin B7). It is well-established that cattle cannot synthesize 
biotin, therefore, must obtain it from microbes in the rumen and hindgut that can synthesize 
biotin (Hayashi et al., 2017). This vitamin is an essential cofactor for various enzymes required 
for the metabolism of glucose, fatty acids and amino acids (Rodriguez-Melendez and Zempleni, 
2003). In addition, it regulates several cellular functions such as histone modifications, cell 
signaling and mucosal immune responses (Jenkins et al., 2017). These hindgut adaptations in 
response to the maternal methionine supply would stimulate the generation of extra sources of 
energy to meet the calf’s needs. Because calves in the MET and CON group had similar starter 
intake during the entire preweaning period, alterations of hindgut microbiome and metabolome 
profiles associated with greater maternal supply of methionine are impressive. Taking into 
account the observed microbiome and metabolome profiles between Met and CON calves at 
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birth it would appear that the beneficial profiles were established prior to solid feed intake. 
Subsequently, microbial populations in MET calves appeared to have had a greater capacity to 
maximize energy generation from the same amount of feed intake. Clearly, such response could 
have contributed to the greater growth performance observed in MET calves through the first 6 
weeks of age. 
Maternal methionine led to enrichment of several AA such as methionine, arginine, 
proline, alanine, phenylalanine, tryptophan and tyrosine along with inducing the degradation of 
valine, leucine and isoleucine in the hindgut. Arginine and proline are important for normal 
cellular function and growth via their involvement in DNA and RNA synthesis, protein 
glycosylation and detoxification (Sparks, 2014; Li et al., 2018a). Methionine and arginine are 
required for the synthesis of spermidine and spermine (Leruez et al., 2018), hence, the induction 
of spermidine and spermine biosynthesis observed in MET heifers in the current study was likely 
associated with the upregulation of methionine and arginine metabolism. In rodents, spermidine 
and spermine are essential for protecting cells against oxidative damage (Minois et al., 2011). In 
addition, tyrosine and two of its metabolites, p-hydroxyphenylacetic and cinnamic acids, have 
previously been reported to decrease the production of reactive oxygen species (Beloborodova et 
al., 2012). Therefore, the induction of spermidine, spermine and tyrosine in the MET group 
could have contributed to maintaining hindgut integrity by preventing oxidative damage. As 
such, the efficiency of hindgut utilization of microbial-derived compounds during the 
preweaning period would have been optimized.  
Alanine is an important gluconeogenic amino acid in dairy cows (Aschenbach et al., 
2010). The degradation of branched-chain amino acids (BCAA) such as valine, leucine, 
isoleucine produces acetyl-CoA and succinyl-CoA that are important for energy production 
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(Harper et al., 1984). In addition, BCAA catabolism generates branched-chain α-keto acids 
which activates MTOR, a major nutrient signaling pathway that regulates cellular growth 
(Avruch et al., 2009). Thus, the upregulation of alanine and the degradation of BCAA in MET 
heifers might have enhanced availability of metabolically-important compounds for the calf. 
Phenylalanine, tryptophan and tyrosine are precursors of neurotransmitters including dopamine 
and serotonin (Bergwerff et al., 2016), therefore, the increase in these AA in dairy heifers in 
response to maternal methionine could potentially enhance gut-brain crosstalk in preweaned 
MET heifers. Although the potential for these metabolites for absorption from the hindgut cannot 
be discounted, it is also likely that microbes in the hindgut could have metabolized them further. 
For instance, Peptostreptococcus genus in the human hindgut consumes glutamate and 
tryptophan (Lin et al., 2017), effectively limiting their availability to colonocytes. Further studies 
are needed to understand relationships between the hindgut microbiome and AA metabolism in 
ruminants. 
During the preweaning period, the greater microbial genes involved in antibiotic 
biosynthesis such as streptomycin in MET calves was in line with the proliferation of antibiotic-
producing bacteria at birth (Nocardioidaceae and Amycolatopsis). The release of naturally-
produced antibiotics in the hindgut during the preweaning period could have had a positive effect 
on the control of the colonization of pathogenic microbes, thereby contributing to hindgut health 
and function. Such effect would have had a positive effect on growth performance as observed in 
the present study. This would have been especially important due to the high susceptibility to 
digestive disorders such as diarrhea in young calves (Smith, 2015). Additional evidence for 
beneficial effects of maternal methionine supply on the promotion of the hindgut health in MET 
heifers could be discerned by the greater abundance of Dialister and lower Actinomyces, 
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Prevotella and Burkholderiales. The enrichment of genus Dialister in the human hindgut is a 
marker of good health status (Tito and Cypers, 2017). In humans, Del Chierico et al. (2018) 
reported lower abundance of genus Actinomyces in the hindgut of healthy compared with obese 
patients. Genus Prevotella is less abundant in healthy versus inflamed hindgut in rodents and 
humans (Dillon et al., 2016; Su et al., 2018). Order Burkholderiales declined in hindgut of 
healthy compared with individuals experiencing inflammation (Stanisavljević et al., 2016). The 
lower bacterial genes responsible for flagellar assembly in the MET calf microbiome also 
supports the view of better hindgut health in response to maternal methionine. Flagellin is 
involved in bacterial flagellar filament structure and the rotation of these filaments provides 
bacteria with motility capacity (Silverman and Simon, 1974). Studies in humans and mice 
demonstrated that decreasing bacterial motility in the hindgut is a feature of a healthier gut 
compared with the colitis or IBD (Lodes et al., 2004). Thus, the above results are consistent with 
a better hindgut health status in response to maternal methionine supply.  
 
CONCLUSIONS 
The current study applied integrative approach through a combination of high-throughput 
microbiomics and untargeted metabolomics to reveal the first insights into changes in hindgut 
microbiome, its metabolites and various physiological aspects of neonatal female dairy calves in 
response to maternal methionine supply during the last 28 days of pregnancy in dairy cows. The 
present data provide evidence that maternal methionine shifted hindgut microbiome and 
metabolome towards a more efficient profile in the elimination of microbial pathogens and the 
production of crucial nutrients to dairy calves such as essential amino acids and vitamins from 
similar DMI and NDF intake compared with CON group through 42 days of age, leading to 
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provide the host calves with extra nutrients to maintain greater body mass and growth 
performance in preweaned MET heifers. These novel findings offer fundamental information 
about the central roles of maternal methionine supply during late-gestation in enhancing body 
development and growth performance in newborns. These results suggest the possibility of using 
maternal methionine supply during late-pregnancy as prebiotic in dairy calves as confirmed by 
greater body development and better growth performance in MET heifer calves during 




TABLES AND FIGURES 
 
Table 6.1. Nutrient composition and amino acid profiles (mean ± standard deviation) of milk 
replacer (Advance Excelerate, Milk Specialties, Carpentersville, IL, USA) and starter grain 
(Ampli-Calf Starter 20; Purina Animal Nutrition, Shoreview, MN, USA) fed during preweaning 
period to heifer calves born to cows offered a control diet (CON, n = 13) or CON supplemented 
with ethyl-cellulose rumen-protected methionine (MET, n = 13; Mepron® at 0.09% of diet DM; 





















Item Milk replacer Starter grain mix 
DM, g/kg 946±11 908±27 
CP, g/kg 272±44 209±23 
Essential  amino acids, % of DM   
Arginine 0.84±0.07 1.39±0.03 
Histidine  0.59±0.02 0.55±0.01 
Isoleucine  1.60±0.06 0.82±0.01 
Leucine 2.90±0.07 1.52±0.03 
Lysine  2.30±0.12 1.07±0.02 
Methionine 0.53±0.02 0.29±0.01 
Phenylalanine 1.01±0.02 0.98±0.01 
Threonine 1.83±0.04 0.77±0.02 
Valine 1.59±0.03 0.97±0.01 
Non-essential amino acids, % of DM   
Aspartate  2.89±0.07 2.00±0.05 
Alanine  1.36±0.03 0.97±0.02 
Cysteine 0.64±0.02 0.34±0.01 
Glutamate  4.68±0.15 1.07±0.02 
Glycine  0.60±0.03 0.98±0.01 
Proline  1.64±0.04 1.14±0.02 
Serine  1.47±0.05 0.99±0.03 
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Table 6.2. Body measurements at birth in heifer calves born to cows offered a control diet 
(CON, n = 13) or CON supplemented with ethyl-cellulose rumen-protected methionine (MET, n 
= 13; Mepron® at 0.09% of diet DM; Evonik Nutrition & Care GmbH, Germany) during last 28 







1Standard error of the mean 

















Body measurement CON MET SEM1 P-value 
Body weight (kg) 40.08b 43.79a 0.91 0.04 
Body length (cm) 109.30 109.90 1.57 0.80 
Hip height (cm) 78.43b 82.32a 0.64 <0.01 
Hip width (cm) 16.14 15.66 0.39 0.43 
Wither height (cm) 75.63b 78.17a 0.70 0.03 
174 
 
Table 6.3. Body measurements and growth performance during preweaning period in heifer 
calves born to cows offered a control diet (CON, n = 13) or CON supplemented with ethyl-
cellulose rumen-protected methionine (MET, n = 13; Mepron® at 0.09% of diet DM; Evonik 
Nutrition & Care GmbH, Germany) during last 28 d of pregnancy. All data are reported as 
covariate-adjusted mean 
 Maternal  P-value 
Week CON MET SEM1 Maternal Time Maternal × Time 
Body weight (kg)       
1 42.03 44.26 1.08 0.05 <0.01 0.15 
2 44.56 46.76 1.08    
3 49.32 50.70 1.08    
4 54.87 56.24 1.08    
5 58.78 62.65 1.08    
6 63.33 67.57 1.08    
Body length (cm)       
1 111.40 112.06 1.61 0.34 <0.01 0.29 
2 114.09 116.32 1.61    
3 117.44 118.97 1.61    
4 121.07 122.25 1.61    
5 123.47 126.30 1.61    
6 126.73 130.15 1.61    
Hip height (cm)       
1 80.31 83.19 0.71 0.02 <0.01 0.36 
2 81.74 84.74 0.71    
3 83.32 85.65 0.71    
4 84.70 86.52 0.71    
5 86.61 88.25 0.71    
6 88.23 90.37 0.71    
Hip width (cm)       
1 16.46 16.40 0.32 0.63 <0.01 0.81 
2 17.84 17.70 0.32    
3 18.72 18.36 0.32    
4 19.33 19.05 0.32    
5 20.11 19.80 0.32    
6 20.77 20.84 0.32    
Wither height (cm)       
1 76.90 78.59 0.69 0.06 <0.01 0.28 
2 77.66 80.03 0.69    
3 79.75 81.47 0.69    
4 81.00 82.34 0.69    
5 82.49 84.16 0.69    
6 84.00 85.94 0.69    
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Table 6.3. (Cont)       
       
6 84.00 85.94 0.69    
Body weight gain (kg/d)2       
1 0.02 0.25 0.10 0.10 <0.01 0.27 
2 0.38 0.37 0.10    
3 0.69 0.55 0.10    
4 0.81 0.79 0.10    
5 0.57 0.91 0.10    
6 0.66 0.77 0.10    
Cumulative body weight gain (kg) 37.99 42.88 1.92 0.08   
Starter intake (kg)       
1 0.01 0.00 0.11 0.77 <0.01 0.97 
2 0.07 0.02 0.11    
3 0.27 0.19 0.11    
4 0.40 0.42 0.11    
5 0.50 0.58 0.11    
6 0.99 1.06 0.11    
Cumulative starter NDF intake (kg) 5.97 6.21 0.45 0.71   
1Pooled standard error of the mean 
2Average daily gain per week (kg)= (final BW – initial BW)/7 
















Table 6.4. Relative abundance (%) of the overrepresented bacteria highlighted by LeFSe 
analysis (P ≤ 0.05 and LDA cutoff >2.0) in feces at birth in heifer calves born to cows offered a 
control diet (CON, n = 13) supplemented with ethyl-cellulose rumen-protected methionine 
(MET, n = 13; Mepron® at 0.09% of diet DM; Evonik Nutrition & Care GmbH, Germany) 
compared with heifer calves born to cows offered a control diet (CON, n = 13) during the last 28 
d of pregnancy 
Bacteria CON MET 
Dietzia 1.244a 0.177b 
Dietziaceae 1.256a 0.197b 
Geodermatophilaceae 0.000b 0.018a 
Nocardioidaceae 0.047b 0.891a 
Amycolatopsis 0.000b 0.217a 
Collinsella 0.022a 0.001b 
Coriobacteiales 0.041a 0.006b 
Barnesiellaceae 0.015a 0.000b 
S24-7 2.287b 3.837a 
Staphylococcaceae 0.139a 0.004b 
Pseudoramibacter_Eubacterium 0.066a 0.000b 
Anaerotruncus 0.127a 0.005b 
Clostridiales 2.087b 3.593a 
Novosphingobium 0.000b 0.207a 
Anaeroplasma 0.000b 0.130a 
Anaeroplasmatales 0.000b 0.145a 











Table 6.5. Relative abundance (%) of the overrepresented bacteria highlighted by LeFSe 
analysis (P ≤ 0.05 and LDA cutoff >2.0) in feces during preweaning period in heifer calves born 
to cows offered a control diet (CON, n = 13) supplemented with ethyl-cellulose rumen-protected 
methionine (MET, n = 13; Mepron® at 0.09% of diet DM; Evonik Nutrition & Care GmbH, 
Germany) compared with heifer calves born to cows offered a control diet (CON, n = 13) during 
the last 28 d of pregnancy 
 
Bacteria CON MET 
Bifidobacterium 3.992a 2.749b 
Bifidobacteriales 0.005a 0.000b 
Prevotella 0.049a 0.030b 
Ruminococcus 1.072b 3.031a 
Dialister 0.000b 0.005a 
Fusobacterium 19.822b 25.958a 
Fusobacteriaceae 0.021b 0.063a 
Fusobacteriales 0.058b 0.068a 
Burkholderiales 0.044a 0.035b 










Table 6.6. Chemical taxonomy of metabolites most strongly influencing discrimination by the partial least squares discriminate 
analysis (PLS-DA) that were upregulated and downregulated in feces at birth in heifer calves born to cows offered a control diet 
(CON, n = 13) supplemented with ethyl-cellulose rumen-protected methionine (MET, n = 13; Mepron® at 0.09% of diet DM; Evonik 
Nutrition & Care GmbH, Germany) compared with heifer calves born to cows offered a control diet (CON, n = 13) during the last 28 
d of pregnancy, following the conditions of VIP >1.0 and |p-(corr)| ≥ 0.5 
 
 Name Chemical taxonomy 
  Super class Sub class 
Increased in MET 3,4-Dihydroxyphenylglycol Benzenoids Benzenediols 
2,5-Dichlorophenol Benzenoids Halobenzenes 
Phosphatidylcholine Lipids and lipid-like molecules Glycerophosphocholines 
Glycerol 3-phosphate Lipids and lipid-like molecules Glycerophosphates 
Prostaglandin E2 Lipids and lipid-like molecules Eicosanoids 
Epiandrosterone Lipids and lipid-like molecules Androstane steroids 
Sphinganine 1-phosphate Lipids and lipid-like molecules Phosphosphingolipids 
Flavin mononucleotide Nucleosides, nucleotides, and analogues Flavin nucleotides 
Cytidylic acid Nucleosides, nucleotides, and analogues Pyrimidine ribonucleotides 
Sphingoid Organic nitrogen compounds Amines 
Glucuronide Organic oxygen compounds Carbohydrates and carbohydrate conjugates 
D-Erythrose 4-phosphate Organic oxygen compounds Carbohydrates and carbohydrate conjugates 
Epimelibiose Organic oxygen compounds Carbohydrates and carbohydrate conjugates 
Riboflavin Organoheterocyclic compounds Alloxazines and isoalloxazines 
Ascorbic acid Organoheterocyclic compounds Furanones 





Pyrogallic acid Benzenoids Phenols and derivatives 
Phenylglyoxylic acid Benzenoids Benzoyl derivatives 
Squalene Lipids and lipid-like molecules Triterpenoids 
Linoleic acid Lipids and lipid-like molecules Lineolic acids and derivatives 
Desoxycortone Lipids and lipid-like molecules Hydroxysteroids 
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Table 6.6. (Cont) 
 
   
   
9,10-DHOME Lipids and lipid-like molecules Fatty acids and conjugates 
Ceramide Lipids and lipid-like molecules Ceramides  
Estradiol-17beta 3-glucuronide Lipids and lipid-like molecules Steroidal glycosides 
Gamolenic acid Lipids and lipid-like molecules Lineolic acids and derivatives 
13-OxoODE Lipids and lipid-like molecules Lineolic acids and derivatives 
Uridine Nucleosides, nucleotides, and analogues Pyrimidine nucleosides 
Guanosine triphosphate Nucleosides, nucleotides, and analogues Purine ribonucleotides 
Cyclic AMP Nucleosides, nucleotides, and analogues Cyclic purine nucleotides 
Cysteinylglycine Organic acids and derivatives Amino acids, peptides, and analogues 














Table 6.7. Chemical taxonomy of metabolites most strongly influencing discrimination by the partial least squares discriminate 
analysis (PLS-DA) that were upregulated and downregulated in feces during preweaning period in heifer calves born to cows offered a 
control diet (CON, n = 13) supplemented with ethyl-cellulose rumen-protected methionine (MET, n = 13; Mepron® at 0.09% of diet 
DM; Evonik Nutrition & Care GmbH, Germany) compared with heifer calves born to cows offered a control diet (CON, n = 13) 
during the last 28 d of pregnancy, following the conditions of VIP >1.0 and |p-(corr)| ≥ 0.5 
 
 Name Chemical taxonomy 
  Super class Sub class 
Increased in MET 9-cis-Retinoic acid Lipids and lipid-like molecules Retinoids  
13-OxoODE Lipids and lipid-like molecules Lineolic acids and derivatives 
Isofucosterol Lipids and lipid-like molecules Stigmastanes and derivatives 
Xanthosine Nucleosides, nucleotides, and analogues Purine nucleosides 
Thiomethyladenosine Nucleosides, nucleotides, and analogues 5'-deoxy-5'-thionucleosides 
L-Cystathionine Organic acids and derivatives Amino acids, peptides, and analogues 
L-Cystine Organic acids and derivatives Amino acids, peptides, and analogues 
Fumaric acid Organic acids and derivatives Dicarboxylic acids and derivatives 
cis-Aconitic acid Organic acids and derivatives Tricarboxylic acids and derivatives 
Ascorbic acid Organoheterocyclic compounds Furanones 
(R)-Lipoate Organoheterocyclic compounds Lipoic acids and derivatives 
Biotin Organoheterocyclic compounds Biotin and derivatives 
Neopterin Organoheterocyclic compounds Pterins and derivatives 
Indoleacetaldehyde Organoheterocyclic compounds Indoles 
Hydroxyphenyllactic acid Phenylpropanoids and polyketides Phenylpropanoic acids 






9,10-DHOME Lipids and lipid-like molecules Fatty acids and conjugates 
Phthalic acid Benzenoids Benzoic acids and derivatives 
Estradiol-17beta 3-glucuronide Lipids and lipid-like molecules Steroidal glycosides  
2-Lysolecithin Lipids and lipid-like molecules Glycerophosphocholines 
Diglyceride Lipids and lipid-like molecules Lineolic acids and derivatives 
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Eicosenoic acid Lipids and lipid-like molecules Fatty acids and conjugates 
Alpha-Tocotrienol Lipids and lipid-like molecules Quinone and hydroquinone lipids  
Gamma-Aminobutyric acid (GABA) Organic acids and derivatives Amino acids, peptides, and analogues 
L-Aspartic acid Organic acids and derivatives Amino acids, peptides, and analogues 
3-Hydroxy-L-kynurenine Organic oxygen compounds Carbonyl compounds 
Inositol phosphate Organic oxygen compounds Alcohols and polyols 
Galactose 1-phosphate Organic oxygen compounds Carbohydrates and carbohydrate conjugates 
Formyl-N-acetyl-5-methoxykynurenamine Organic oxygen compounds Carbonyl compounds 
Riboflavin Organoheterocyclic compounds Alloxazines and isoalloxazines  














Fig 6.1. Fecal microbiome at birth in heifer calves born to cows offered a control diet (CON, n = 13) or CON supplemented with 
ethyl-cellulose rumen-protected methionine (MET, n = 13; Mepron® at 0.09% of diet DM; Evonik Nutrition & Care GmbH, Germany) 
during the last 28 d of pregnancy. (a) Non-metric multidimensional scaling (NMDS) plot of fecal microbiome profile. (b) Alpha 
diversity indices. (c) Cladogram of LEfSe analysis shows the overrepresented microbial populations. Taxa are significant from LeFSe 
(P ≤ 0.05 and LDA cutoff  > 3.0). (d) Histogram of the LDA scores reveals the most differentially regulated metabolic pathways in 




Fig 6.2. Fecal microbiome during preweaning period in heifer calves born to cows offered a control diet (CON, n = 13) or CON 
supplemented with ethyl-cellulose rumen-protected methionine (MET, n = 13; Mepron® at 0.09% of diet DM; Evonik Nutrition & 
Care GmbH, Germany) during the last 28 d of pregnancy. (a) Non-metric multidimensional scaling (NMDS) plot of fecal microbiome 
profile. (b) Alpha diversity indices. (c) Cladogram of LEfSe analysis shows the overrepresented microbial populations. Taxa are 





Fig 6.3. Fecal metabolome data at birth in heifer calves born to cows offered a control diet 
(CON, n = 13) or CON supplemented with ethyl-cellulose rumen-protected methionine (MET, n 
= 13; Mepron® at 0.09% of diet DM; Evonik Nutrition & Care GmbH, Germany) during the last 
28 d of pregnancy. (a) 3D scores plot of partial least square discriminant analysis (PLS-DA) 
























Fig 6.4. Fecal metabolites most strongly influencing discrimination by partial least square 
discriminant analysis (PLS-DA) model at birth in heifer calves born to cows offered a control 
diet supplemented with ethyl-cellulose rumen-protected methionine (MET; Mepron® at 0.09% of 
diet DM; Evonik Nutrition & Care GmbH, Germany) during the last 28 d of pregnancy. (a) and 





Fig 6.5. Fecal metabolome data during preweaning period in heifer calves born to cows offered a 
control diet (CON, n = 13) or CON supplemented with ethyl-cellulose rumen-protected 
methionine (MET, n = 13; Mepron® at 0.09% of diet DM; Evonik Nutrition & Care GmbH, 
Germany) during the last 28 d of pregnancy. (a) 3D scores plot of partial least square 
discriminant analysis (PLS-DA) model. (b) and (c) Upregulated and downregulated metabolic 
























Fig 6.6. Fecal metabolites most strongly influencing discrimination by partial least square 
discriminant analysis (PLS-DA) model during preweaning period in heifer calves born to cows 
offered a control diet supplemented with ethyl-cellulose rumen-protected methionine (MET; 
Mepron® at 0.09% of diet DM; Evonik Nutrition & Care GmbH, Germany) during the last 28 d 
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CHAPTER 2 - SUPPLEMENTAL MATERIAL 
 
Suppl. Table A.1. Species-specific primers for the quantification of targeted rumen bacterial species in rumen solids-fraction of the 
least-efficient (L-eff; n=6)  and the most-efficient (M-eff; n=6) beef cattle by quantitative PCR assay after 70 d on RFI testing during 
the finishing period  
 
Target bacterial species   Primer sequence (5` - 3`) Reference qPCR efficiency1 (%) 




(Minuti et al., 2015) 104.89 




(Minuti et al., 2015) 100.50 




(Stevenson and Weimer, 2007) 99.66 




(Stevenson and Weimer, 2007) 106.28 




(Stevenson and Weimer, 2007) 102.21 




(Stevenson and Weimer, 2007) 105.35 




(Stevenson and Weimer, 2007) 95.30 




(Khafipour et al., 2009) 98.84 




(Stevenson and Weimer, 2007) 96.45 
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Suppl. Table A.1. (Cont)     




(Khafipour et al., 2009) 98.84 




(Fliegerova et al., 2014) 94.92 




(Maeda et al., 2003) 98.03 




(Muyzer et al., 1993) 101.78 
1Measured efficiencies of the primers in the qPCR reactions 
2F = forward primer 
3R= reverse primer 
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Suppl. Table A.2 Genes measured in rumen epithelium tissue of the least-efficient (L-eff; n=6)  
and the most-efficient (M-eff; n=6) beef cattle by quantitative reverse transcription-PCR assay 
after 70 d on RFI testing during the finishing period 
 
Metabolic pathway and gene symbol Gene name 
VFA absorption  
   SLC16A1 Solute carrier family 16 member 1 
   SLC16A3 Solute carrier family 16 member 3 
   SLC26A3 Solute carrier family 26 member 3 
   MTCO2    Mitochondrially Encoded Cytochrome C Oxidase II 
   HCAR1 Hydroxycarboxylic acid receptor 1 
   SLC9A1 Solute carrier family 9 member A1 
   SLC9A2 Solute carrier family 9 member A2 
   SLC9A3 Solute carrier family 9 member A3 
   APPBP2 Amyloid beta precursor protein binding protein 2 
   HIF1A Hypoxia inducible factor 1 alpha subunit 
VFA metabolism  
   ACSS1 Acyl-CoA synthetase short-chain family member 1 
   ACSS2  Acyl-CoA synthetase short-chain family member 2 
   ACO1 Aconitase 1 
   ACO2 Aconitase 2 
   PCCA Propionyl-CoA carboxylase alpha subunit 
   SLC25A20 Solute carrier family 25 member 20 
Ketogenesis  
   ACADS Acyl-CoA dehydrogenase, C-2 to C-3 short chain 
   ACAT1 Acetyl-CoA acetyltransferase 1 
   HMGCL 3-Hydroxymethyl-3-methylglutaryl-CoA lyase 
   BDH1 3-Hydroxybutyrate dehydrogenase 1 
   HMGCS2 3-Hydroxy-3-methylglutaryl-CoA synthase 2 
   TECR Trans-2,3-enoyl-CoA reductase 
Pyruvate Metabolism  
   LDHA Lactate dehydrogenase A 
   LDHB Lactate dehydrogenase B 
   PDHA1 Pyruvate dehydrogenase alpha 1 
   PC Pyruvate carboxylase 
Other metabolic pathways  
   PPARA Peroxisome proliferator activated receptor alpha 
   PPARG Peroxisome proliferator activated receptor gamma 
   PPARD Peroxisome proliferator activated receptor delta 
   FFAR2 Free fatty acid receptor 2 
   RGS5 Regulator of G protein signaling 5 
   NQO1 NAD(P)H quinone dehydrogenase 1 
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Immune/inflammation-response  
   TLR2 Toll like receptor 2 
   TLR4 Toll like receptor 4 
Internal controls  
   CMTM6 CKLF like MARVEL transmembrane domain containing 6 
   ERC1 ELKS/RAB6-interacting/CAST family member 1 





























Suppl. Table A.3 Oligonucleotide primer sequences for genes measured in rumen epithelium tissue of the least-efficient (L-eff; n=6)  
and the most-efficient (M-eff; n=6) beef cattle by quantitative reverse transcription-PCR assay after 70 d on RFI testing during the 
finishing period 
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1Details of the genes are reported in Table S2 
2F = forward primer 
3R= reverse primer 
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Suppl. Table A.4 Quantitative PCR performance of selected ruminal epithelium genes in the 
least-efficient (L-eff; n=6)  and the most-efficient (M-eff; n=6) beef cattle after 70 d on RFI 








Slope4 (R2)5 Efficiency6 Relative mRNA 
abundance7 
1/E∆Ct (%)8 
SLC16A1 20.23 -2.79 -3.16 0.994 2.074 7.6310 0.016482 1.64819 
SLC16A3 28.97 5.92 -3.17 0.994 2.068 0.0136 0.000029 0.00293 
SLC26A3 21.44 -1.47 -3.21 0.991 2.048 2.8595 0.006176 0.61761 
MTCO2 15.77 -7.38 -3.19 0.997 2.059 205.9239 0.444765 44.47652 
HCAR1 31.49 8.57 -3.30 0.993 2.009 0.0025 0.000005 0.00055 
SLC9A1 24.67 1.59 -3.18 0.987 2.063 0.3162 0.000683 0.06829 
SLC9A2 20.97 -2.07 -3.12 0.997 2.091 4.6202 0.009979 0.99789 
SLC9A3 19.89 -3.14 -2.99 0.995 2.158 11.2216 0.024237 2.42370 
APPBP2 20.93 -2.15 -3.35 0.993 1.988 4.3936 0.009490 0.94896 
HIF1A 23.95 0.93 -3.32 0.995 2.000 0.5261 0.001136 0.11362 
ACSS1  28.64 5.48 -3.19 0.992 2.057 0.0192 0.000042 0.00416 
ACSS2 24.41 1.46 -3.33 0.989 1.997 0.3638 0.000786 0.07858 
ACO1 23.27 0.31 -3.31 0.996 2.004 0.8058 0.001740 0.17404 
ACO2 21.36 -1.68 -3.29 0.992 2.012 3.2421 0.007002 0.70024 
PCCA 23.00 0.05 -3.28 0.993 2.020 0.9634 0.002081 0.20809 
SLC25A20 24.09 1.14 -3.35 0.990 1.989 0.4582 0.000990 0.09896 
ACADS 18.77 -4.33 -3.36 0.996 1.986 19.5355 0.042194 4.21938 
ACAT1 21.46 -1.67 -3.15 0.991 2.080 3.4086 0.007362 0.73621 
HMGCL 21.89 -1.05 -3.15 0.998 2.080 2.1541 0.004652 0.46525 
BDH1 20.99 -1.91 -3.26 0.991 2.027 3.8590 0.008335 0.83349 
HMGCS2 16.10 -6.89 -3.13 0.998 2.086 158.7072 0.342784 34.27841 
TECR 20.62 -2.56 -3.14 0.991 2.084 6.5665 0.014183 1.41826 
LDHA 19.08 -3.95 -3.32 0.997 2.000 15.4893 0.033455 3.34547 
LDHB 21.15 -1.84 -3.18 0.992 2.065 3.7887 0.008183 0.81830 
PDHA1 23.23 0.14 -3.19 0.986 2.056 0.9037 0.001952 0.19518 
PC 27.75 4.72 -3.24 0.992 2.036 0.0349 0.000075 0.00755 
PPARA 25.33 2.28 -3.01 0.983 2.150 0.1740 0.000376 0.03759 
PPARG 22.33 -0.74 -3.22 0.993 2.043 1.7030 0.003678 0.36783 
PPARD 22.87 -0.14 -3.23 0.995 2.042 1.1032 0.002383 0.23827 
FFAR2 33.92 10.70 -3.01 0.978 2.152 0.0003 0.000001 0.00006 
RGS5 22.19 -0.77 -3.20 0.994 2.055 1.7472 0.003774 0.37736 
NQO1 24.12 1.27 -3.18 0.992 2.062 0.3990 0.000862 0.08618 
TLR2 27.24 4.09 -3.32 0.991 2.002 0.0585 0.000126 0.01264 
TLR4 32.68 9.69 -3.28 0.998 2.017 0.0011 0.000002 0.00024 
1Details of the genes are reported in Table 3 
2 The median is calculated considering rumen fluid- and solids- fractions for all animals 
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3 The median of ∆Ct is calculated as [Ct gene – geometrical mean of Ct internal controls] for rumen fluid- 
and solids-fractions for all animals 
4 Slope of the 6-point standard curve 
5 R2 stands for the coefficient of determination of the standard curve 
6 Efficiency of amplification is calculated as [10(-1 / Slope)] 
7 Relative mRNA abundance = 1/ Efficiency Median ∆Ct 
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APPENDIX  B 
 
CHAPTER 3 - SUPPLEMENTAL MATERIAL 
 
Rumen Contents Preparation for Enzyme Activity Assays 
Frozen rumen contents were thawed at 4°C for 24 h then centrifuged at 10,000 × g for 1 h 
at 4°C. The supernatant (10 mL) was filtered through an Amicon Ultra-15 10K centrifugal filter 
by centrifuging at 3,500 × g for 2 h at 4°C until reaching 1 mL of concentrated sample. The 
concentrated sample was transferred into a 1.5 mL centrifuge tube then centrifuged at 25,000 × g 
for 20 min at 4°C. The clear supernatant was then transferred into a 1.5 mL centrifuge tube and 
the sample kept at 4°C for rumen enzyme activity determination. 
Amylase assay 
The clear supernatant (6 μL) was pipetted into PCR plates containing 54 µL 1% (wt/vol) 
starch (starch soluble, Sigma S-9765) and 60 µL 0.1 M sodium phosphate buffer (pH 6.8). Plates 
were then incubated at 39°C for 30 min to allow enzymatic breakdown of starch substrates into 
glucose. After incubation, plates were boiled at 100°C for 7 min to stop the reaction and cooled 
to 4°C. The reducing sugars were converted into colored product using the PHBAH (Sigma H-
9882) method as described previously by Lever (Lever, 1972). Briefly, a 33.3 μL sample mixture 
with starch was pipetted into PCR plates that contained 100 μL 0.1% (wt/vol) PHBAH in 0.4 M 
sodium hydroxide and 0.1 M sodium citrate dehydrate. Plates were then boiled at 100°C for 10 
min. D-(+)-Glucose (Sigma G-7021) standards in distilled water of appropriate concentrations 
(40-0.31 mM) were used to determine the concentration of liberated glucose. The appropriate 
blank was kept for each reaction. All assays were performed in triplicate. The absorbance of the 
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emitted color was measured using a spectrophotometer at 410 nm to determine amylase activity. 
The units of amylase activity were expressed as μm liberated glucose per h per mL. 
Xylanase and Cellulase Assay 
The clear supernatant (10 μL) was pipetted into PCR plates containing purified substrate. 
To determine xylanase activity, 90 μL 1% (wt/vol) wheat arabinoxylan (WAX) (wheat flour 
medium viscosity, Megazyme P-WAXYM) in 0.05 M sodium phosphate and 0.15 M sodium 
chloride buffer (pH 6.0) were added to each well. For cellulase activity, 90 μL 1% (wt/vol) 
Carboxymethylcellulose (CMC) (carboxymethylcellulose sodium salt medium viscosity, Sigma 
C-4888) in 0.05 M sodium phosphate and 0.15 M sodium chloride buffer (pH 6.0) were added to 
each well. Plates were then incubated at 37°C for 2 or 3 h for xylanase and cellulase activities, 
respectively, to allow enzymatic breakdown of WAX or CMC substrates into their reduced 
sugars, i.e. xylose or glucose. After incubation, plates were boiled at 100°C for 10 min to stop the 
reaction and cooled to 4°C. The reducing sugars were converted into colored product using the 
para-hydroxybenzoic acid hydrazide (PHBAH) (Sigma H-9882) method as described previously 
by Lever (Lever, 1972). Briefly, 33.3 μL sample mixture with WAX or CMC was pipetted into 
PCR plates that contained 100 μL 0.1% (wt/vol) PHBAH in 0.4 M sodium hydroxide and 0.1 M 
sodium citrate dehydrate. Plates were then boiled at 100°C for 10 min. D-(+)-Xylose (Sigma X-
1500) and D-(+)-Glucose (Sigma G-7021) standards in 0.05 M sodium phosphate and 0.15 M 
sodium chloride buffer (pH 6.0) at appropriate concentrations (40-0.31 mM) were used to 
determine the concentration of liberated xylose or glucose. A blank was kept for each reaction. 
All assays were performed in triplicate. The absorbance of the emitted color was measured using 
a spectrophotometer at 410 nm to determine enzymatic activities. The units of xylanase and 




The clear supernatant (60 μL) was pipetted into PCR plates containing 60 µL 2% (wt/vol) 
azocasein (azocasein protease substrate, Sigma A-2765) in 0.1 M citrate phosphate buffer (pH 
6.8). Plates were then incubated at 39°C for 1 h to allow enzymatic breakdown of azocasein 
substrate. After incubation, 100 μL of the mixture was incubated with 50 µL 15% (wt/vol) 
trichloroacetic acid (trichloroacetic acid ACS reagent, ≥ 99.0%., Sigma T-6399) for 30 min on 
ice to stop the reaction. Azocasein standards in 0.1 M citrate phosphate buffer (pH 6.8) of 
appropriate concentrations (0.5-0.0039 % wt/vol) were used to quantify the hydrolyzed 
azocasein. The appropriate blank was kept for each reaction. All assays were performed in 
triplicate. The absorbance of the developed color was measured using a spectrophotometer at 420 
nm to determine enzyme activities. The units of protease activities were expressed as mg 
hydrolyzed azocasein per h per mL. 
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CHAPTER 4 - SUPPLEMENTAL MATERIAL 
 
Supp. Fig. C.1. Residual feed intake (RFI) in the subgroup (n=48) of least-efficient (L-eff; n = 
19) and most-efficient (M-eff; n = 29) multiparous Holstein dairy cows during peripartum  
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Suppl. Fig. D.2. Phyla level taxonomic distribution in hindgut samples during preweaning period at day 14, 28 and 42 of age in most-




Suppl. Fig. D.3. Upregulated hindgut metabolites in M-eff heifer calves at birth strongly influencing metabolome discrimination 




Suppl. Fig. D.4. Downregulated hindgut metabolites in M-eff heifer calves at birth strongly influencing metabolome discrimination 





Suppl. Fig. D.5. Upregulated hindgut metabolites in M-eff heifer calves during preweaning period strongly influencing metabolome 
discrimination between most-efficient (M-eff, n = 13) and least-efficient (L-eff, n = 13) heifer calves by partial least square 




Suppl. Fig. D.6. Downregulated hindgut metabolites in M-eff heifer calves during preweaning period strongly influencing 
metabolome discrimination between most-efficient (M-eff, n = 13) and least-efficient (L-eff, n = 13) heifer calves by partial least 




Suppl. Table D.1. Chemical taxonomy of top metabolites strongly influencing discrimination by the partial least squares discriminate 
analysis (PLS-DA) that were upregulated and downregulated in hindgut in most-efficient (M-eff, n = 13) heifer calves compared with 
least-efficient (L-eff, n = 13) heifer calves at birth, following the conditions of VIP >1.0 and |p-(corr)| ≥ 0.5 
 
 Name Chemical taxonomy 
  Super class Sub class 
Upregulated in M-eff 2,4-Dichlorophenol Benzenoids Halobenzenes 
Prostaglandin F2a Lipids and lipid-like molecules Eicosanoids  
Cervonoyl ethanolamide Lipids and lipid-like molecules Fatty acid esters 
9,10-DHOME Lipids and lipid-like molecules Fatty acids and conjugates 
Muconic acid Lipids and lipid-like molecules Fatty acids and conjugates 
2-Lysolecithin Lipids and lipid-like molecules Glycerophosphocholines 
Cholesterol ester Lipids and lipid-like molecules Steroid esters 
15(S)-HPETE Lipids and lipid-like molecules  Eicosanoids  
2-Arachidonylglycerol Lipids and lipid-like molecules  Endocannabinoids 
AICAR Nucleosides, nucleotides, and analogues 1-ribosyl-imidazolecarboxamides 
Nicotinamide ribotide Nucleosides, nucleotides, and analogues Nicotinamide nucleotides 
Guanosine triphosphate Nucleosides, nucleotides, and analogues Purine ribonucleotides 
5-Aminolevulinic acid Organic acids and derivatives Amino acids, peptides, and analogues 
Glucuronide Organic oxygen compounds  Carbohydrates and carbohydrate conjugates 
Biotin Organoheterocyclic compounds Biotin and derivatives 









Chenodeoxyglycocholate Lipids and lipid-like molecules Bile acids, alcohols and derivatives 
Ceramide (d18:1/16:0) Lipids and lipid-like molecules Ceramides 
Ceramide (d18:1/18:0) Lipids and lipid-like molecules Ceramides 
Diglyceride Lipids and lipid-like molecules Diradylglycerols 
Arachidonic acid Lipids and lipid-like molecules Fatty acids and conjugates 
Alpha-dimorphecolic acid Lipids and lipid-like molecules Lineolic acids and derivatives 
Pregnenolone Lipids and lipid-like molecules Pregnane steroids 
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Calcitriol Lipids and lipid-like molecules Vitamin D and derivatives 
Cyclic GMP Nucleosides, nucleotides, and analogues Cyclic purine nucleotides 
UDP-N-acetylglucosamine Nucleosides, nucleotides, and analogues Pyrimidine nucleotide sugars 
Sphingosine Organic nitrogen compounds Amines 
Chondroitin sulfate Organic oxygen compounds Carbohydrates and carbohydrate conjugates 
Galactaric acid Organic oxygen compounds Carbohydrates and carbohydrate conjugates 
L-Urobilin Organoheterocyclic compounds Bilirubins 












Suppl. Table D.2. Chemical taxonomy of top metabolites strongly influencing discrimination by the partial least squares discriminate 
analysis (PLS-DA) that were upregulated and downregulated in hindgut during preweaning period in most-efficient (M-eff, n = 13) or 
least-efficient (L-eff, n = 13) heifer calves, following the conditions of VIP >1.0 and |p-(corr)| ≥ 0.5 
 
 Name Chemical taxonomy 
  Super class Sub class 
Upregulated in M-eff 8-Isoprostane Lipids and lipid-like molecules Eicosanoids 
15-KETE Lipids and lipid-like molecules  Fatty acids and conjugates 
Guanosine Nucleosides, nucleotides, and analogues Purine nucleosides 
Deoxyuridine Nucleosides, nucleotides, and analogues Pyrimidine 2'-deoxyribonucleosides 
S-Sulfo-L-cysteine Organic acids and derivatives Amino acids, peptides, and analogues 
Fumaric acid Organic acids and derivatives Dicarboxylic acids and derivatives 
Cytidine triphosphate Organic oxygen compounds Carbohydrates and carbohydrate conjugates 
Biotin Organoheterocyclic compounds Biotin and derivatives 
Ascorbic acid Organoheterocyclic compounds Furanones 
Melatonin Organoheterocyclic compounds Indoles 
L-Tryptophan Organoheterocyclic compounds Indolyl carboxylic acids and derivatives 
(R)-lipoic acid Organoheterocyclic compounds Lipoic acids and derivatives 
5,10-Methylene-THF Organoheterocyclic compounds Pterins and derivatives 
Pyridoxal phosphate Organoheterocyclic compounds Pyridine carboxaldehydes 
Oxitriptan Organoheterocyclic compounds Tryptamines and derivatives 









Hippuric acid Benzenoids Benzoic acids and derivatives 
Androstanedione Lipids and lipid-like molecules Androstane steroids 
Glycocholic acid Lipids and lipid-like molecules Bile acids, alcohols and derivatives 
Leukotriene E4 Lipids and lipid-like molecules Eicosanoids 
11Z-Eicosenoic acid Lipids and lipid-like molecules Fatty acids and conjugates 
Oleic acid Lipids and lipid-like molecules Fatty acids and conjugates 
LysoPC(P-18:1(9Z)) Lipids and lipid-like molecules Glycerophosphocholines 
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LysoPC(22:2(13Z,16Z)) Lipids and lipid-like molecules Glycerophosphocholines 
LysoPC(18:3(6Z,9Z,12Z)) Lipids and lipid-like molecules Glycerophosphocholines 
CE(18:0) Lipids and lipid-like molecules Steroid esters 
CE(22:2(13Z,16Z)) Lipids and lipid-like molecules Steroid esters 
LysoPC(22:1(13Z)) Not classified Not classified 
Orotidine Nucleosides, nucleotides, and analogues Pyrimidine nucleosides 
Maltotriose Organic oxygen compounds Carbohydrates and carbohydrate conjugates 





Suppl. Table D.3. Nutrient composition and amino acid profiles (mean ± standard deviation) of 
milk replacer (Advance Excelerate, Milk Specialties, Carpentersville, IL, USA) and starter grain 
(Ampli-Calf Starter 20; Purina Animal Nutrition, Shoreview, MN, USA) fed during preweaning 
period to the most-efficient (M-eff, n = 13) or least-efficient (L-eff, n = 13) heifer calves 
 
Item Milk replacer Starter grain mix 
Dry matter, g/kg 946±11 908±27 
Crude protein, g/kg 272±44 209±23 
Essential  amino acids, % of DM   
Arginine 0.84±0.07 1.39±0.03 
Histidine  0.59±0.02 0.55±0.01 
Isoleucine  1.60±0.06 0.82±0.01 
Leucine 2.90±0.07 1.52±0.03 
Lysine  2.30±0.12 1.07±0.02 
Methionine 0.53±0.02 0.29±0.01 
Phenylalanine 1.01±0.02 0.98±0.01 
Threonine 1.83±0.04 0.77±0.02 
Valine 1.59±0.03 0.97±0.01 
Non-essential amino acids, % of DM   
Aspartate  2.89±0.07 2.00±0.05 
Alanine  1.36±0.03 0.97±0.02 
Cysteine 0.64±0.02 0.34±0.01 
Glutamate  4.68±0.15 1.07±0.02 
Glycine  0.60±0.03 0.98±0.01 
Proline  1.64±0.04 1.14±0.02 
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Suppl. Table E.1. Ingredient and nutrient composition of far-off (−45 d to −29 d relative to 
parturition) and close-up (from −28 d to parturition) maternal diets 
Ingredient, % of DM Far-off Close-up 
Alfalfa haylage — 6.55 
Corn silage 34.7 26.6 
Wheat straw 33.7 26.5 
Corn grain, ground, dry — 12.6 
Cottonseed — — 
Molasses, beet sugar — 4.03 
Soybean hulls 15.7 3.46 
Soybean meal, 48% CP 12.0 7.83 
Expeller soybean meal1 — 5.80 
Protein supplement2 — 0.78 
Urea 0.46 0.59 
Soychlor3 — 1.23 
Saturated fat supplement4 — — 
Limestone — — 
Salt 0.40 — 
Dicalcium phosphate 0.50 0.52 
Magnesium oxide — — 
Magnesium sulfate 1.90 2.08 
Sodium bicarbonate — — 
Mineral vitamin mix5 0.40 0.17 
Vitamin A6 — 0.03 
Vitamin D7 — 0.03 
Vitamin E8 0.40 0.60 
Biotin9 — 0.70 
Momensin10 0.01 — 
Ethyl-cellulose RPM11 — 0.09 
1SoyPlus, West Central Soy (Ralston, IA, USA). 
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3West Central Soy. 
4Energy Booster 100, Milk Specialties Global (Eden Prairie, MN, USA). 
5Contained a minimum of 5% Mg, 10% S, 7.5% K, 2.0% Fe, 3.0% Zn, 3.0% Mn, 5,000 mg of 
Cu/kg, 250 mg of I/kg, 40 mg of Co/kg, 150 mg of Se/kg, 2,200 kIU of vitamin A/kg, 660 kIU of 
vitamin D3/kg, and 7,700 IU of vitamin E/kg. 
6Contained 30,000 kIU/kg. 
7Contained 5,000 kIU/kg. 
8Contained 44,000 kIU/kg. 
9ADM Animal Nutrition (Quincy, IL, USA). 
10Rumensin, Elanco Animal Health (Greenfield, IN, USA). 
11Ethyl-cellulose rumen-protected methionine, Evonik Nutrition and Care GmbH (Hanau-



















Suppl. Table E.2. Nutrient composition (mean ± standard deviation) and diet evaluation using 





Chemical composition, % DM    
 CP 13.9 ± 0.25 15.6 ± 0.32 15.7 ± 0.32 
 NDF 54.5 ± 0.75 40.8 ± 0.68 40.7 ± 0.68 
 ADF 36.9 ± 0.65 27.5 ± 0.50 27.4 ± 0.50 
 NFC 24.7 ± 0.72 34.9 ± 0.81 34.9 ± 0.81 
 Ether extract 1.81 ± 0.04 2.32 ± 0.05 2.33 ± 0.05 
Calculated using NRC (2001)1    
 NEL, Mcal/kg of DM 1.33 1.47 1.47 
 RDP, % of DM2 8.8 9.4 9.4 
 RUP, % of DM3 5.1 6.2 6.3 
 RDP required, g/d 1,149 1,194 1,196 
 RDP supplied, g/d 1,157 1,204 1,203 
 RDP balance, g/d 8 10 7 
 RUP required, g/d 131 119 130 
 RUP supplied, g/d 668 793 924 
 RUP balance, g/d 537 673 794 
 MP required, g/d4 790 808 808 
 MP supplied, g/d 1,211 1,363 1,473 
 MP balance, g/d 421 555 664 
 Lysine , % of MP 6.74 6.54 6.51 
 MP-Lysine, g 82 89 89 
    Methionine, % of MP 1.77 1.73 2.30 
 MP-Methionine, g 21 24 32 
 Lysine:Methionine 3.81:1 3.71:1 2.81:1 
1The NRC (2001) evaluation of diets was based on final averaged prepartum DMI, production 
data, and feed analysis. 
2Rumen degradable protein 






Suppl. Table E.3. Number of 16S rRNA amplicon sequences (± standard deviation) in feces at 
birth and during preweaning period in heifer calves born to cows offered a control diet (CON, n 
= 13) supplemented with ethyl-cellulose rumen-protected methionine (MET, n = 13; Mepron® at 
0.09% of diet DM; Evonik Nutrition & Care GmbH, Germany) compared with heifer calves born 
to cows offered a control diet (CON, n = 13) during the last 28 d of pregnancy 
 
Day CON MET 
0 58,460 ± 19,589 58,117 ± 24,864 
14 59,304 ± 18,198 57,384 ± 14,636 
28 47,300 ± 17,237 45,955 ± 10,961 



















Suppl. Fig. E.1. Phyla level taxonomic distribution in fecal samples at birth in heifer calves born to cows offered a control diet (CON, 
n = 13) or CON supplemented with ethyl-cellulose rumen-protected methionine (MET, n = 13; Mepron® at 0.09% of diet DM; 




Suppl. Fig. E.2. Rarefaction analysis of the fecal microbiome at birth and during preweaning 
period in heifer calves born to cows offered a control diet (CON, n = 13) supplemented with 
ethyl-cellulose rumen-protected methionine (MET, n = 13; Mepron® at 0.09% of diet DM; 
Evonik Nutrition & Care GmbH, Germany) compared with heifer calves born to cows offered a 




















Suppl. Fig. E.3. Phyla level taxonomic distribution in fecal samples during preweaning period at day 14, 28 and 42 of age in heifer 
calves born to cows offered a control diet (CON, n = 13) or CON supplemented with ethyl-cellulose rumen-protected methionine 
(MET, n = 13; Mepron® at 0.09% of diet DM; Evonik Nutrition & Care GmbH, Germany) during the last 28 d of pregnancy. 
 
